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Bile Pigment Formation in vitro from Haematin 
and other Haem Derivatives 


By J. E. KENCH, C. GARDIKAS (Sybil Mary Pilkington Fellow) 
AND J. F. WILKINSON 
Department of Haematology, University and Royal Infirmary, Manchester 


(Received 1 December 1949) 


Lemberg (1935) first showed that the green haemin 
of Warburg & Negelein (1930), on treatment with 
methanolic hydrogen chloride, gave a ferric salt of 
a biliverdin ester from which the ester of biliverdin 
itself could be obtained by shaking the chloroform 
solution of the salt with water. Lemberg concluded 
that green haemin possessed the structure of a 
verdohaemochromogen, i.e. it possessed an open bile 
pigment structure maintained as a ring by the 
central iron atom to which pyridine was still co- 
ordinated. The pyridine-free material (verdohae- 
matin) on reduction with sodium amalgam gave a 
urobilinoid pigment with an intense Ehrlich reaction, 
and showed urobilin-like behaviour with zine acetate 
| and iodine. Condensation with ammonia reclosed 

the ring to produce an iron azaporphyrin with 
| characteristic Soret band (Lemberg, 1943). Lem- 

berg, Cortis-Jones & Norrie (1938) and Lemberg, 
] Legge & Lockwood (1938) made detailed studies of 
the kinetics of the coupled oxidation of pyridine 
haemochromogen and ascorbic acid which leads to 
the formation of verdohaemochromogen. 

In vitro bile pigment formation from haemoglobin 
was described by Lemberg, Legge & Lockwood (1939, 
1941a,b) and Lemberg, Lockwood & Legge (1941). 
These workers obtained evidence of an intermediate 
which they named choleglobin. In this compound 
the porphyrin ring had been opened, since the Soret 

band was absent; treatment of the mixture con- 
taining choleglobin with 66 % acetic acid liberated 
two bile pigments, biliverdin and_bilipurpurin. 
Simultaneously with the formation of the bile 
pigments, the choleglobin absorption at 628-630 muy. 
disappeared. The yield of bile pigments could be 
correlated with intensity of the 628 my. band. 
Fischer and his colleagues independently carried 
out researches in this field during the years 1938—42. 
Asstarting material the methy] esters of symmetrical 
ferroporphyrins were selected, since they offered a 
better opportunity for isolation of crystalline inter- 
mediates. The structure of the products was thus 
independent of the nature of the methene bridge 
disrupted, and methyl esters are most readily 
crystallizable. The oxidizing agents were hydrogen 
peroxide (Libowitzky, 1940), or molecular oxygen in 
presence of L-ascorbic acid (Fischer & Libowitzky, 
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1938; Stier, 1942). Coprohaemin provided a 20% 
yield of crystalline bile pigment, while in experi- 
ments with less symmetrical porphyrins yields from 
2-8% were obtained. With the latter, non-uni- 
formity of the product indicated the presence of at 
least two isomeric forms. In all experiments the 
haemin was dissolved in pyridine. It was found that 
symmetrical ferroporphyrins such as coprohaemin 
gave the highest yields, but the verdohaemochro- 
mogen of symmetrical haemins was the most stable 
and required the most drastic chemical treatment for 
disruption. Libowitzky (1940) has made a thorough 
study of the oxidation by hydrogen peroxide of 
coprohaemin I methyl ester dissolved in pyridine. 
The key intermediates and final products were 
isolated, purified and characterized. Libowitzky’s 
(1940) scheme can be summarized in partial 
formulae as shown on p. 130. 

In all the above studies haem was combined with 
pyridine as pyridine haemochromogen, or with 
protein as haemoglobin. The present investigations 
were undertaken to determine if haematin in 
aqueous medium can react with ascorbic acid to 
yield bile pigments, and to examine a number of 
other haem derivatives in order to assess the effect of 
chemical structure on ease of bile pigment formation. 


EXPERIMENTAL 


Experiments with haematin (=ferrihaem 
Pauling & Coryell, 1936). 

Preparation. Haemin (ferrihaem chloride) was prepared 
by the method of Nencki & Zaleski (1900) with purification 
as suggested by Duesberg (1934). Haematin was also ob- 
tained by the procedure of Anson & Mirsky (1930), being 
amorphous in spite of repeated attempts at crystallization. 

Coupled reaction with L-ascorbic acid. Haemin(14 mg.) was 
dissolved in 15 ml. 5% (w/v) Na,CO, and the pH brought 
to 8-0 by neutralization with 50 ml. 0-1 N-HCl. The aqueous 
solution of haematin so formed was poured into a Petri dish 
or a 250 ml. Erlenmeyer flask and exposed to air at 37°; 
50 mg. L-ascorbic acid were added and the mixture incubated 
for 60 or 120 min. The solution was then poured into 120 ml. 
glacial acetic acid; after 15 min. 120 ml. peroxide-free ether 
were added, and the acetic acid removed from the ether 
phase with aqueous Na acetate. Most of the acid was 
removed by inverting once in a separating funnel with 
saturated sodium acetate solution (60 ml.), followed by 
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dilution with 120 ml. water. The aqueous phase was run off, 
and the ether subsequently treated with 120 ml. dilute 
Na acetate and finally with 120 ml. water, the last time 
with shaking. Bile pigments were extracted successively 
with 1-37N-HCl, 2-74N-HCl, and 5-48n-HCl. The acidic 
extracts were pooled, shaken with CHCl, , and the concentra- 
tion of biliverdin and bilipurpurin measured in CHCl 


Me P Me r 


jume cl 
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Coprohaemin I methy] ester in pyridine 
P= —CH,.CH,.COOCH, 


Me Pp 


N 


Me P 0 
0, Il alkali Brown yellow 
ee C —> compound 
si 


Fet ++ 


Ketoxyferric derivative 


solution, as described later. The yield was better when the 
reaction time was 120 min. and could be improved by 
addition of 100 mg. ascorbic acid and by the passage of 
a stream of O, through the solution (Table 1). Iodimetric 
measurements showed that autoxidation of ascorbic acid 
is markedly catalysed by haem derivatives and maintenance 
of the level of ascorbic acid by dropwise addition produced 
a further increment in bile pigments (Tables 1 and 9). 


Table 1. Bile pigment formation from haematin in 
aqueous solution 


(Haematin (14 mg.); ascorbic acid (100 mg.); 37°. Exps. 1 
and 2 in air; in Exps. 3 and 4, O, (4 1./min.) was passed 
through the solution; ascorbic acid level was maintained 
by continuous dropwise addition.) 





Duration Bile pigments formed (yg.) 
Exp. of incuba. ;- “ + 
no. tion(min.) Biliverdin  Bilipurpurin Total 
] 60 8-3 4-1 12-4 
2 120 59-5 17-4 77-9 
3 60 80-2 41-6 121-8 
4 120 208-7 176-3 385-0 


Table 2. Bile pigment formation from haematin in 
aqueous solution 


(Haematin (14 mg.); ascorbic acid (100 mg.); 37°; O, 
(4 1./min.) was passed through the solution.) 





Duration Bile pigments formed (yg.) 
Exp. of incuba- ,- ” : 
no. tion(min.) Biliverdin  Bilipurpurin Total 
1 60 39-2 12-4 51-6 
2 120 83-1 24-2 107-3 


Similar measurements were made on haematin (Anson & 
Mirsky, 1930) (Table 2) and on the fresh HCl-acetone solution 
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used to split haemoglobin (Table 3). This last gave an 
augmented yield, which could not be accounted for. The 
solvent was not responsible and the effect could not be 
ascribed to amino-acids set free simultaneously with 
haematin. Addition of histidine and other amino-acids to 
crystalline ferrihaem chloride dissolved in acetone-HCl did 
not increase the yield. 


Hydroxyferric derivative 


Coprobiliverdin 
(Coproglaucobilin) 


weak 


acid 


(loses C and Fe) 


Table 3. Bile pigment formation from haematin in 
acetone-hydrochloric acid 


(Haematin (14 mg.); ascorbic acid (100 mg.); 37°; 0, 
(4 1./min.).) 


Duration 


Bile pigments formed (yg.) 
Exp. of incuba- — ’ 





no. tion(min.) Biliverdin Bilipurpurin Total 
1 60 110-2 69-1 179-3 
2 120 360-1 247-1 607-2 


Spectroscopically, there was no indication that ascorbic 
acid had reduced haematin to ferrohaem. The diffuse 


haematin band persisted at 610 my. without appearance of } 


the sharper band of ferrohaem at 595 my., whilst saturation 
with CO did not alter the absorption spectrum. Ascorbic 
acid, in contrast to its rapid reduction of pyridine haemo- 
chromogen, did not convert haematin to ferrohaem, even 
when added in quantities many times greater than those 
used in the incubation. 


Experiments with ferrohaem 


Ferrohaem was prepared from haematin by reduction with 
TiCl, in alkaline solution (Conant, Alles & Tonberg, 1928). 
The reaction is immediate, stoicheiometric and not com- 
plicated with by-products. 

Haemin (14 mg.) was dissolved in 8 ml. 5% Na,CO,, to 
which was added 40 ml. 0-2M-sodium tartrate and 0-7 ml. 
of freshly prepared 0-5 % (w/v) TiCl, solution. The volume 
was brought to 60 ml. with water and the final pH was 76. 
The reaction time was shortened to 60 min. without sup- 
plying extra O,, and thereby re-oxidation of ferrohaem to 


haematin was largely, but not completely, prevented. The | 


results are summarized in Table 4. 


Control experiments in which sodium tartrate and TiC] | 


were added in turn to pyridine haemochromogen showed 
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that these reagents did not inhibit the conversion of blood 
to bile pigments. The production of verdohaemochromogen 
was unimpaired. Nevertheless, one cannot overlook the 
possible influence of unknown intermediates present in this 
complex mixture. 


Table 4. Bile pigment formation from ferrohaem 
compared with that from haematin 


(Pigment (14 mg.); ascorbic acid (100 mg.);-37°; incuba- 
tion time 60 min. in air.) 
Bile pigments formed (yg.) 
A 





Exp. > + 
no. Pigment Biliverdin Bilipurpurin Total 

1 Ferrohaem 17-8 2-9 20-7 

2 Haematin* 14-9 8-0 22-9 


* The surface area of solution exposed to atmospheric O, 
was greater than in earlier experiments, and this probably 
accounts for the increased yield from haematin as compared 
with Table 1. 


Experiments with protoporphyrin 


Protoporphyrin was prepared from haemoglobin by the 
method of Grinstein (1947); it was examined as the sodium 
salt in aqueous or pyridine solution, or combined as proto- 
porphyrin globin. 

Reaction with ascorbic acid. Protoporphyrin (14 mg.) was 
dissolved in 25 ml. 0-1 M-Na,HPO, (1 vol.) and 0-1mM-KH,PO, 
(1 vol.) was added to bring the final pH to 7-0. Duplicates 
of this solution were prepared in 250 ml. Erlenmeyer flasks, 
and ascorbic acid (100 mg.) was added to each. One speci- 
men was exposed to air, the other agitated by a stream of O, 
(41./min.). The mixture was incubated at 37° for 120 min. 
and then analysed by the procedure to be described later. 

Similar experiments were conducted with 14 mg. proto- 
porphyrin dissolved in 50 ml pyridine, or combined with 
345 mg. globin. Globin was prepared by the method of 
Anson & Mirsky (1930). Protoporphyrin globin was ob- 
tained in solution by mixing 14 mg. protoporphyrin in 
25 ml. 0-1m-Na,HPO, with 345 mg. globin in 100 ml. 
0-Im-KH,PO,. After incubation for 15 min. at 37° coupled 
oxidation was initiated by addition of 200 mg. ascorbic acid. 

Protoporphyrin in high concentration in the final CHCI, 
extract rendered direct fluorimetry impossible, and chroma- 
tographic separation was necessary. Column chromato- 
graphy was performed on silica gel, the eluant being 10 % 
(v/v) n-butanol in CHCl,. Samples (0-20 ml.) of CHCl, from 
the protoporphyrin incubation experiment appeared on the 
silica gel column as two coloured zones, both red fluorescent 
in ultraviolet light. The portion of the column between the 
zones, which in controls was occupied by biliverdin, was 
colourless. This portion was cut out, suspended in methanolic 
HCl and the methyl esters subsequently transferred into 
CHCl,. No bile pigment could be demonstrated among the 
products of any experiment. Samples from the proto- 
porphyrin globin incubation experiment behaved similarly. 
Attempts to fractionate larger volumes of CHCl, solution 
were aborted by tailing of the protoporphyrin on the silica 
column. 

In control experiments, it was found that good separation 
of biliverdin and protoporphyrin could be achieved. From 
a mixture containing 5 yg. biliverdin, 90-100% could be 
recovered; 1 wg. biliverdin could be detected. Calculation 
revealed that 20 yg. bile pigments were measurable in the 
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overall procedure, and so the yield of bile pigments from 
protoporphyrin and protoporphyrin globin must be less 
than this figure. 


Haemoglobin (=ferrohaemoglobin) 


Packed red blood corpuscles (1 vol.) were cooled to — 2°, 
ice-cold water (2 vol.) added and the mixture allowed to 
stand for 10 min. 0-5M-phosphate pH 7-4 (1 vol.) precipitated 
the stroma, which was centrifuged at 3500 rev./min. for 
15 min. The clear supernatant liquid was withdrawn, and 
the haemoglobin concentration measured as pyridine 
haemochromogen (Rimington, 1942). The volume of solution, 
calculated to contain 360 mg. haemoglobin (=14 mg. 
haemin), was diluted to 40 ml. with water and subsequently 
to 60 ml. with 0-05m-phosphate pH 6-6. Incubation experi- 
ments were conducted in Petri dishes at 37° in air (Table 5), 
some with the unphysiological p-ascorbic acid in place of 
the L-isomer (Table 6). 


Table 5. Bile pigment formation from haemoglobin 


(Haemoglobin, 360 mg. (=14 mg. haematin); ascorbic 
acid (100 mg.); 37° in air.) 





Duration Bile pigments formed (yg.) 
Exp. of incuba- - in ‘ 
no. tion(min.) Biliverdin  Bilipurpurin  Totai 
1 60 288-2 10-3 298-5 
2 120 400-5 21-2 21-7 


Table 6. Bile pigment formation from haemoglobin 
reacting with ascorbic acid isomers 


(Red cell suspension (3 ml.); water (43 ml.); saturated 
Na,HPO, (5 ml.); final pH 8-5; p- or L-ascorbic acid; 37°; 
incubation time 120 min. in air.) 





Ascorbic 
acid Bile pigments formed (yg.) 
Exp. added r A ‘ 
no. (mg.) Biliverdin Bilipurpurin Total 
1 L- 50 59-0 16-7 75-7 
2 p- 50 63-5 22-4 85-9 
3 L- 100 177-3 56-1 233-4 
4 p-100 168-2 66-4 234-6 


Methaemoglobin 


Methaemoglobin (=ferrihaemoglobin) was prepared by 
the action of NaNO, on haemoglobin solution, using 
0-5 mol. NaNO,/atom of Fe. In KH,PO, solutions of 
haemoglobin of appropriate concentration, this quantity of 
nitrite is sufficient for the conversion of oxyhaemoglobin to 
methaemoglobin without residual nitrite (Greenberg, Lester 
& Haggard, 1943). 

Haemoglobin solution (5%, 9 vol.) was acidified with 
1-:0mM-KH,PO, (1 vol.) and 0-5% NaNO, solution added 
(0-5 mol./atom of Fe). The change to methaemoglobin was 
measured by the photoelectric method of Evelyn & Malloy 
(1938), and was complete in 5 min. ; 0-1 m-Na,HPQ, (10 vol.) 
brought the pH to 7-0. Finally, the concentration of 
methaemoglobin was adjusted to 0-72 % for incubation with 
ascorbic acid (Table 7). 

When 100 mg. ascorbic acid were allowed to react with 
50 ml. of 15% methaemoglobin solution, the 630 my. 
absorption band remained distinct for more than 60 min. 
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and the absorption spectrum of haemoglobin did not 
appear. Studies were also made on reconstituted methaemo- 
globin: 14 mg. haemin dissolved in 25 ml. 0-03N-NaOH was 
mixed with 345 mg. freshly prepared globin in 25 ml. water. 


Table 7. Bile pigment formation from nitrite 
methaemoglobin 


(Methaemoglobin, 0-72 % (=14 mg. kaematin); ascorbic 


acid (100 mg.); 37° in air.) 





Duration Bile pigments formed (yg.) 
Exp. of incuba- - A ~ 
no. tion(min.) Biliverdin Bilipurpurin Total 
1 60 163-2 11-5 174-7 
2 120 525-0 7-0 532-0 


In a few seconds the absorption band at 630 my. appeared, 
but the prominent band at 550 my. of globin haemo- 
chromogen was not seen. Drabkin (1945), however, observed 
that even in the best reconstituted haemoglobin there was 
always 30% reduced haemochromogen, the remaining 70% 
being ferrohaemoglobin. The results of coupled oxidation 
of reconstituted methaemoglobin are presented in Table 8. 


Table 8. Bile pigment formation from reconstituted 
methaemoglobin 


(Methaemoglobin (=14 mg. haematin); ascorbic acid 





(50 mg.); 37° in air.) 
Duration Bile pigments formed (yg.) 
Exp. ofincuba- — \ 
no. tion(min.) Biliverdin Bilipurpurin Total 
1 60 121-3 11-6 132-9 
2 120 398-4 66-4 464-8 
Methaemalbumin 


A solution of serum albumin was prepared from human 
blood serum (McMeekin, 1939), and 20 ml. of this solution, 
containing approximately 1-5 g./100 ml., were mixed with 
14 mg. haemin, dissolved in 6-5 ml. 5% Na,CO,; and 
neutralized with 33-5 ml. 0-1N-HCl. The methaemalbumin 
(=ferrihaemalbumin) so derived had the spectroscopic 
characteristics of this pigment as described by Fairley 
(1940) and Keilin (1944), viz. a distinct absorption band 
at 623 my. replaced on adding Na,S,O, by two bands: 
1 573 myz., IT 530 mu. (I>I1). Reduction was accompanied 
by a change of colour from reddish brown to deep red. 


Table 9. Bile pigment formation from 
methaemalbumin 


(Methaemalbumin (=14 mg. haematin); ascorbic acid 
(100 mg.}; 37°; Exps. 1 and 2 in air; Exps. 3-6, O,(41./min.); 
Exps. 5 and 6, ascorbic acid maintained at original concen- 





tration.) 
Duration Bile pigments formed (yg.) 
Exp. of incuba- §.~—————— — —_———, 
no. tion(min.) Biliverdin Bilipurpurin Total 
1 60 125-3 11-2 136-5 
2 120 583-2 0-0 583-2 
3 60 143-5 14-1 157-6 
4 120 618-8 0-0 618-8 
5 60 320-4 15-4 335-8 
6 120 783-9 154-2 938-1 
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In the reaction with ascorbic acid (Table 9), no denatura- 
tion occurred, the mixture remaining clear in contrast to the 
behaviour of haemoglobin, which forms a precipitate of 
cholehaemochromogen (=verdohaematin—denatured glo- 
bin). Ferrohaemalbumin could not be detected: quantities 
of ascorbic acid five times greater than those in the experi- 
ments failed to reduce methaemalbumin. 

Ferrohaemalbumin was prepared as follows: haemin 
(14 mg.) was dissolved in 8 ml. 5% Na,CO,;, and 20 ml. 
serum albumin and 30 ml. 0-2m-sodium tartrate were 
added. Reduction was effected by 0-70 ml. of freshly 
prepared 0-5 % (w/v) TiCl, solution. The final solution was 
incubated with ascorbic acid in Petri dishes for 60 min. at 
37° (Table 10). 


Table 10. Bile pigment formation from ferrohaem- 
albumin compared with that from methaemalbumin 


(Ferro- or methaemalbumin (=14 mg. haematin); as- 
corbic acid (100 mg.); 37°; incubation time 60 min. in air.) 


Bile pigments formed (yg.) 





Exp. ae 
no. Pigment Biliverdin Bilipurpurin Total 
1 Methaemalbumin 108-0 4-2 112-2 

2  Ferrohaemalbumin 86-4 4-2 90-6 


Identification of bile pigments 


The presence of bile pigments in the CHCl, extracts could 
be demonstrated by three tests. 


(a) Ultraviolet fluorescence of bilipurpurin-zinc 

Bilipurpurins arise by careful oxidation of biliverdin, and 
are responsible for the blue-violet phase of the Gmelin 
reaction. This group of pigments all form Zn complexes 
which fluoresce intensely red in ultraviolet light. This 
property is shared only by the closely related biliviolins 
and by tripyrrenes (Fischer & Reinecke, 1940), and hence is 
highly specific for the bile pigments. If bilipurpurin was 
present, ethanolic zinc acetate added to the CHCI, solution 
evoked the rapid appearance of red ultraviolet fluorescence. 
Biliverdin behaved similarly following oxidation with 
ethanolic I, solution. 


(b) Van den Bergh reaction for bilirubin 

Treatment of the CHCl, solution with Zn dust (the CHCl, 
contained traces of HCl) caused reduction of biliverdin and 
bilipurpurin to bilirubin as shown by a positive Van den 
Bergh reaction. This procedure was much less sensitive than 
bilipurpurin fluorescence. 


(c) Identification of biliverdin methyl ester 

HCl extracts from all experiments with haematin were 
pooled, neutralized with Na acetate, and shaken with ether. 
The ethereal layer was washed with water, and the pigments 
transferred into very small quantities of 1-37 N-HCI (total 
5-6 ml.). Ether was removed by warming on the water bath 
at 50°. On keeping the acid solution for 2-3 days in the 
refrigerator, a green flocculent precipitate appeared. This 
was centrifuged, dried and esterified with methanolic HCl. 
The methyl ester was taken into CHCI,, and crystallized 
from hot CHCI,-methanol: m.p. of the crystalline ester 212°; 
mixed m.p. with pure biliverdin methyl ester 208°. 

Determination of bile pigments. A fluorimetric method 
was devised to measure biliverdin and bilipurpurin as 
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bilipurpurin-zine complex, with crystalline biliverdin as 
standard (Gardikas, Kench & Wilkinson, 1950). 

Preparation of biliverdin standard. Biliverdin was pre- 
pared from bilirubin (Lemberg, 1934), and purified by 
crystallization of the methyl ester m.p. 207°. A standard 
solution of biliverdin in CHCl, was made to contain 1 yg. 
crystalline pigment/ml. 

To 1 ml. of this standard solution was added 0-5 ml. 5% 
Zn acetate in methanol, followed immediately by 0-03 ml. 
of a methanolic solution of 0-006% I, and 0-008% KI. 
The maximum ultraviolet fluorescence of bilipurpurin-zine 
was reached within 10 sec., and the solution was then 
diluted quickly to 10 ml. with methanol. This was the 
standard fluorescence. 

Some fading was observed after 30 min. and the standard 
was freshly prepared for each set of readings. The intensity 
could readily be matched in thin non-fluorescent test tubes. 
Critical attention is required to ensure that all apparatus 
and solvents are quite dry, and the quantity and concentra- 
tion of Zn acetate and I, must be within narrow limits to 
produce optimal conversion without oxidation of bili- 
purpurin to choletelin. 

Determination of biliverdin and bilipurpurin. 1 ml. CHCl, 
solution containing bile pigments formed by degrada- 
tion of haematin was treated with 0-5 ml. 5% (w/v) 
methanolic Zn acetate solution. Red fluorescence due to 
bilipurpurin was matched against the standard by dilution 
with methanol. 

Biliverdin and bilipurpurin together were measured in 
a further 1 ml. CHCl, following addition of zine acetate and 
I,. Biliverdin was calculated by difference. Except when 
protoporphyrin was the starting material, traces only of this 
pigment were encountered, when its fluorescence was 
rapidly quenched on addition of Zn acetate. 


RESULTS 


The results of experiments made on the several haem 
derivatives are summarized in Tables 1-10. Haemin 
was dissolved in sodium carbonate and the pH 
adjusted with hydrochloric acid. Similar data were 
obtained with solutions in 0-2N-sodium hydroxide, 
subsequently neutralized with 0-1 N-hydrochloric 
acid or 0-2m-boric acid-potassium chloride buffer. 
The first procedure with sodium carbonate- 
hydrochloric acid was preferred, and all results 
recorded here were for haematin in this medium. 
All figures throughout are means of at least three 
separate experiments. 


DISCUSSION 


The studies of Lemberg, Fischer and Libowitzky 
have been confined almost entirely to the formation 
of bile pigments from pyridine haemochromogen or 
oxyhaemoglobin. Anderson & Hart (1934) stated 
that haematin, in contrast to haemoglobin, did not 
form bile pigment when exposed to non-bacterial 
reducing substances. Lemberg et al. (1938) expressed 
asimilar view regarding the action of ascorbic acid. 
In a review of the literature, Liébeeq (1948) found 
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no experimental evidence to support the view that 
haematin can yield bile pigment, unless it is attached 
to a protein (as in haemoglobin) or to a non-protein 
nitrogenous substance (as in haemochromogen). 

The present experiments do not support these 
views. Free haematin was observed, under optimal 
conditions, to be as fruitful a source of bile pigments 
as oxyhaemoglobin: freshly prepared in acetone- 
hydrochloric acid, it was better. There was no 
evidence that reduction to the ferrous form was a 
necessary preliminary to opening of the porphyrin 
ring. No bile pigment could be detected in the 
products of the protoporphyrin experiment. The 
intense ultraviolet fluorescence of protoporphyrin 
itself prevented measurement of less than 20 yg. 
biliverdin, and it was impossible to find out whether 
protoporphyrin had produced a minute amount of 
biliverdin. The conversion of protoporphyrin to bile 
pigment has been shown to occur in a photochemical 
reaction (Fischer & Herrle, 1938), but no other 
evidence of this change has been found in the litera- 
ture. It seems probable that the presence of iron is 
essential for opening of the porphyrin ring. 

All other haemoglobin derivatives examined were 
sources of biliverdin, particularly methaemalbumin. 
The ferric form gave yields equal to those from ferrous 
compounds. There appeared no reason to assume 
that reduction to ferrous compounds had taken 
place. The yields of bile pigments were small, but 
this was not unexpected, since the system was a 
complicated one, and extraction of the bile pigments 
involved several stages. The highest yield came 
from methaemalbumin, amounting to 7-08 % of the 
theoretical. 

Certain differences in the optimal conditions for 
degradation in this series of haemoglobin derivatives 
have been observed. The optimal yield of bile 
pigments from oxyhaemoglobin, as shown by 
Lemberg etal. (19416) occurs at low oxygen pressures, 
whereas with haematin and methaemalbumin the 
response evoked is enormously increased by oxy- 
genation, provided the concentration of ascorbic 
acid is maintained at the original level. Under these 
conditions it is seen that combination of protein with 
haematin, as in methaemalbumin, increases bili- 
verdin production. Again, there is a difference in the 
relative quantities of biliverdin and bilipurpurin, 
with a much higher proportion of pigment as 
biliverdin from the haemoproteins than from hae- 
matin. It may be that protein protects biliverdin 
against further oxidation to bilipurpurin. 

In this ascorbic acid system, the bile pigment 
yields from haemoglobin and methaemalbumin were 
closely similar. The linkage in haemoglobin between 
protein and prosthetic group is described as being 
between the iron atom and the histidine imidazole 
ring in globin, as well as through the propionic acid 


residues. Methaemalbumin has a single linkage 
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between albumin and the porphyrin ring (Keilin, 
1944). It would seem, therefore, that neither protein 
nor mode of linkage between protein and prosthetic 
group are factors of outstanding importance in- 
fluencing fission of the porphyrin molecule. D- and 
L-isomers of ascorbic acid are equally effective in 
coupled oxidation of oxyhaemoglobin. 

From these results on the haem-ascorbie acid 
system, there appears to be no overriding obstacle to 
chemical degradation of haematin to bile pigments, 
if it were liberated from oxyhaemoglobin in the body. 
It is not necessary to postulate that opening of the 
porphyrin ring must take place while haematin is 
still attached to protein. Solution of the actual steps 
occurring in vivo must await further studies with 
isotopic elements (Gray & Neuberger, 1949; Gray, 
Neuberger & Sneath, 1949). 


SUMMARY 


1. Astudy was made of the in vitro conversion of 
haemoglobin and some of its derivatives into bile 
pigments by the action of ascorbic acid. Biliverdin 
and bilipurpurin were measured by an ultraviolet 
fluorimetric method. 

2. Haematin in aqueous medium gave rise to bile 
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pigments in 2-9% of the theoretical yield. When 
prepared in acetone-hydrochloric acid, the yield 
from haematin was 4:6 %. 

3. Ferric haemoproteins, such as methaemoglobin 
and methaemalbumin, were as suitable in this regard 
as haemoglobin. The change was not accompanied by 
reduction to the corresponding ferrous compounds. 

4. No bile pigments could be detected in experi- 
ments with free protoporphyrin. Further evidence 
is needed to decide whether protoporphyrin had 
reacted to a slight extent or not at all. 

5. Coupling of haematin with protein improved 
the yield of bile pigment, but the effect was non- 
specific in that oxyhaemoglobin and methaemalbu- 
min, with different types of linkage of prosthetic 
group, were equally good sources. 

6. Haem proteins produced a mixture relatively 
rich in biliverdin, when compared with that from 
free haematin. 


7. D- and L-isomers of ascorbic acid were equally | 
effective in expediting the change of oxyhaemo- } 


globin to biliverdin. 


Our thanks are due to Dr S. Papastamatis for his valuable 
help in the chromatographic procedure. The work was 
carried out during the tenure by one of us (C. G.) of the 
Sybil Mary Pilkington Fellowship. 
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The Mechanism of the Formation of Organic Acids 
by Mould Fungi 


4. THE FORMATION OF ACETIC AND PYRUVIC ACIDS IN ASPERGILLUS NIGER 
GROWING IN GLUCOSE MEDIA 


By M. I. D. CHUGHTAI, A. A. PEARCE anp T. K. WALKER 
College of Technology, University of Manchester 


(Received 6 March 1950) 


This communication describes the isolation of acetic 
acid from the mycelial felts of young cultures of 
citric acid-forming strains of Aspergillus niger grown 
on a medium of glucose and inorganic salts. The 
detection of pyruvic acid in cultures of A. niger on 
a glucose medium containing sodium arsenite is also 
recorded. The significance of these findings lies in 
the fact that various hypotheses concerning the 
biogenesis of citric acid assign essential roles to these 
two acids. 

Heinze (1903) reported the occurrence of acetic 
acid after 18 weeks in a culture of A. niger on a 
medium of glucose and inorganic salts, but he did not 
characterize it, and the literature contains no other 
reference to the detection of acetic acid in cultures 
of A. niger on glucose. Small quantities of pyruvic 
acid have been trapped by sodium sulphite in cul- 
tures of A. niger on sugar (Hida, 1935), but in these 
conditions formation of citrate is strongly depressed 
or inhibited, whereas in our experiments the arsenite 
did not depress the formation of citrate. 


EXPERIMENTAL METHODS AND RESULTS 
Formation of acetic acid 


Four strains of A. niger (designated N1, B18, N.R.R.L. 67 
and Ac. 1) were used. All, in previous work, had given citric 
acid in glucose media, better yields (40-50%) having been 
obtained with N 1 and N.R.R.L. 67 than with the other two 
strains. The medium was one favourable to the formation 
of citric acid (Johnson, Knight & Walker, 1937). When 
seeking for acetic acid the glucose concentration was 17-5 % 
(w/v), and the pH was adjusted with HCl to 2-5 prior to 
inoculation. When working with strain N.R.R.L.67 the 
medium was that recommended by Wells, Moyer & May 
(1936). The temperature of incubation was 30° in all cases. 
The melting points given later were checked by the use of 
a standard thermometer, but the correction for emergent 
stem was not applied. 

Exp. 1; isolation of silver acetate. The glucose medium 
(5500 ml.) was divided between twenty-two conical flasks, 
each of 1500 ml. capacity, and inoculated with spores of 
strain N1. On the fifth day, a little citric acid was present 
in the flasks as shown by Denigés’s (1899) test, whereupon the 
liquid contents of the flasks were combined and examined. 
Tests for the presence of volatile acids were negative. The 
bulk of the liquid was then extracted for 50 hr. with ether 


and yielded a small quantity of syrupy material. A sample 
of the latter on treatment with H,SO, and with a 5 % (w/v) 
ethanolic solution of guaiacol gave a violet coloration, a 
positive test for glycollic acid (Denigés, 1909 a, b). Another 
portion of the syrup yielded a reddish violet coloration on 
treatment with naphthoresorcinol and fuming HCl, a 
reaction of glyoxylic acid (Neuberg, 1910). It had been 
shown already that acetate yields some glycollate and gly- 
oxylate when exposed to the action of A. niger (Challenger, 
Subramaniam & Walker, 1927 a). 

The mycelial felts which had been grown on the 5500 ml. 
of medium were washed with water, drained, ground with 
clean sand and extracted thoroughly, first with ether and 
then with hot water. The ethereal extract was evaporated 
and the slight residue was dissolved in the hot-water extract. 
This aqueous solution was then extracted continuously with 
ether during 50 hr. On evaporation of the ethereal extract 
a small quantity of liquid remained and had the smell of 
acetic acid. This residue was submitted to steam distillation 
until the liquid coming over was no longer acid, 950 ml. of 
distillate being collected. A 20 ml. portion was found to be 
equivalent to 8 ml. of 0-1074N-NaOH. The normality of the 
distillate was thus 0-043, representing, if due entirely to 
acetic acid, 2-45 g. in the 950 ml. of solution. 

From this stage, the procedure followed for the isolation 
of acetic acid as its Ag salt was that of Neuberg & Hirsch 
(1919). The total distillate was made just alkaline with NaOH 
and evaporated to a small volume. The residue was just 
neutralized with HNO, and then treated with a concen- 
trated solution of AgNO,. The flocculent precipitate, pre- 
sumably Ag acetate, was filtered off, washed until free from 
HNO, and dried in vacuo. (Found: Ag, 64-3. Cale. for 
CH,.COOAg: Ag, 64-65% .) 

Exp. 2; isolation of p-nitrobenzyl acetate. Strain N1 was 
again employed, being grown in six 21. conical flasks, each 
containing 400 ml. of medium, and in six 1 1. conical flasks 
each containing 250 ml. of medium. 

On the sixth day citric acid had begun to accumulate 
in the medium, and a sample of the latter also gave a strong 
naphthoresorcinol colour reaction for glyoxylic acid. Acetic 
acid was not detected, however, in the medium. The mycelial 
felts were then collected, ground with sand and extracted as 
in Exp. 1. In this case, however, the mycelial matter after 
extraction was subjected to steam distillation and the small 
quantity of acid which passed over was combined with that 
obtained from the ethereal and aqueous extracts of the 
mycelium. The total volatile acid gave an Na salt equivalent 
in quantity to 2-601 g. of acetic acid. From this salt the 
p-nitrobenzyl ester was prepared. It melted at 77-5°, and 
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the mixed melting point with an authentic sample (m.p. 78°) 
prepared from British Drug Houses Ltd. acetic acid was 
75°. (Found: N, 7-1. Calc. for CsH,0,N: N, 7-2%.) 

Exp. 3; other strains. Strain N.R.R.L.67 was employed, 
the volume of medium was 8000 ml. and the cultures were 
worked up in three equal lots, after 4, 5 and 6 days of in- 
cubation, respectively. Small samples from the final three 
steam distillates gave positive reactions when examined for 
the presence of acetic acid by the lanthanum nitrate colour 
test (Kriiger & Tschirch, 1929, 1930). These three steam 
distillates required for neutralization 32-8, 56-2 and 52-1 ml. 
of 0-1 n-NaOH, respectively. Total alkali, 141-1 ml. of 0-1 N- 
NaOH; equivalent to 0-85 g. of acetic acid. 

From the Na salt, presumably acetate, obtained by 
evaporation of the neutralized distillates, a p-nitrobenzyl 
ester was prepared. This had m.p. 78° and the mixed melting 
point with an authentic sample (m.p. 78°) prepared from pure 
Na acetate was also 78°. 

Experiments similar to those described above were made 
with strains B18 and Ac.1, but though the presence of 
acetic acid could be detected in extracts of the felts by means 
of the lanthanum nitrate test, the acid was insufficient in 
quantity to be isolated. 

Exps. 4 and 5; citric acid as substrate. These were controls 
in which strains of N 1 and N.R.R.L. 67 were grown on media 
which contained citric acid (5% w/v) in place of glucose, 
the respective solutions of nutrient inorganic salts being 
unchanged. In each case 5 1. of medium were employed, and 
in 5 days strongly developed mycelial felts were obtained. 
They were ground with sand and treated as in the previous 
experiments. The N.R.R.L.67 felts yielded no trace of 
volatile acid. The N1 felts afforded a very small quantity 
(0-0128 g.) of volatile acid which gave a positive lanthanum 
nitrate test for acetic acid. This yield (0-005 % of the weight 
of the citric acid) is negligible by comparison with the yields 
(0-244 and 0-382 %) obtained by the action of this mould on 
glucose. The metabolism solutions from the citric acid 
cultures were found to be free from acetic acid in all cases. 
These results render it improbable that the appreciable 
quantities of acetic acid isolated from the felts grown on the 
glucose media had been produced from preformed citric 
acid. 


Experiments with sodium arsenite leading to the 
trapping of pyruvic acid in glucose cultures 


Carbon balance experiments with A. niger in presence and 
in absence of arsenite, which have been carried out recently 
in this laboratory, have shown that arsenite hinders de- 
carboxylation in A. niger cultures. This led us to try to 
isolate pyruvic acid from cultures of this mould on glucose 
media. 

Exp. 6. The solution of inorganic salts which formed the 
basis of the medium had the same composition as that em- 
ployed in Exps. 1 and 2, and glucose was added to this in a 
concentration of 10% (w/v). After inoculation with spores 
of N1 incubation was conducted for 4 days; the medium 
was then poured away and replaced by a solution of glucose 
(10 % w/v) in water which contained also 0-01 M-Na arsenite 
(A.R.). After keeping for a further period of 2 days in the 


incubator the solution was drained from the felts, collected 
in one vessel and filtered. Arsenic was removed by treatment 
with H,S followed by filtration and, after removal of excess 
H,S by acurrent of N, , samples of the solution were examined 
for the presence of pyruvic acid. Both the Na nitroprusside 
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colour test (Caron & Raquet, 1942) and the test described 
by Lu (1939) were positive. The bulk of the metabolism 
solution (31.) was then mixed with 31. of a saturated 
solution of 2:4-dinitrophenylhydrazine in 2N-HCl. Three 
hours later the precipitate which had formed was filtered, 
washed with dilute HCl and then with water and dried on a 
tile in air; wt. 2-20 g. This material was extracted with 
a 10% (w/v) aqueous solution of Na,CO, and from the 
filtered alkaline extract 0-85 g. of solid matter was pre- 
cipitated by addition of dilute HCl. This was washed, dried 
in air and crystallized from ethanol. When pure it had 
m.p. 217-218° (decomp.). The mixed melting point with an 
authentic sample of the 2:4-dinitrophenylhydrazone of 
pyruvic acid prepared from Kahlbaum’s pyruvic acid was 
identical. (Found: C, 40-1; H, 2-9; N, 21-25. Cale. for 
C,H,O,N,: C, 40-3; H, 2-9; N, 209%.) 

Exp.7. The procedure of Exp. 6 was repeated using strain 
N.R.R.L. 67 in place of strain N1. After incubation of the 
felts in the solution containing glucose and arsenite had 
proceeded for 3 days the solution was treated with 2:4-di- 
nitrophenylhydrazine and yielded 1-46 g. of crude product 
from which 0-52 g. of the 2:4-dinitrophenylhydrazone of 
pyruvic acid was obtained. This, after several recrystalli- 
zations, had m.p. 218°. The mixed melting point with the 
authentic sample was also 218°. Pyruvic acid could not be 
detected in cultures of A. niger on the glucose medium in 
absence of arsenite. 

During the course of this work it was also noted that 
arsenite at 0-004m increased the yield of citric acid in 
glucose media as compared with the yield in its absence. 
This matter is reserved for a further communication. 


DISCUSSION 


It is a well established fact that acetic acid is one of 
the products of the action of a number of bacterial 
species on citric acid or on citrates. Thus, it is formed 
in cultures of Pseudomonas pyocyanea on an am- 
monium citrate medium (Butterworth & Walker, 
1929), and it is also a product of the action of certain 
species of Aerobacter on citric acid (Deffner, 1938). 
The species used by Deffner did not attack acetic 
acid. He considered it probable that under the 
action of these organisms citric acid undergoes hydro- 
lytic fission to one molecule of oxaloacetic acid and 
one molecule of acetic acid. Brewer & Werkman 
(1939) using Aerobacter indologenes reached similar 
conclusions. Since Aspergillus niger forms citric acid 
from glucose, the question arises whether or not the 
acetic acid detected in the experiments described in 
the present communication was produced via such 
citric acid. However, apart from the fact that in the 
control experiments with citric acid as substrate no 
significant quantity of acetic acid could be detected, 
there are good reasons for considering it to be highly 
improbable that acetic acid is formed in appreciable 
quantities during the course of citric acid break- 
down in mould fungi. For example, although 
thousands of tons of citric acid are produced annually 
from sugar by mycological agency the occurrence of 
acetic acid in the medium has not been reported. 
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Further, acetate is metabolized rapidly by A. niger 
and by many species of Penicillium which form 
citric acid, and it has been shown that such acetate 
is largely converted to succinate, fumarate, L-malate, 
oxalate and citrate (Chrzaszcz & Tiukov, 19304, b,c). 
Recently, also, two of the present authors (ef. 
Walker, 1949) obtained citrate in a yield of more 
than 21% by the action of A. niger N 1 on sodium 
acetate. Finally, in contrast to the breakdown of 
citrate to oxaloacetate and acetate under the in- 
fluence of Aerobacter species, it was shown (Chal- 
lenger et al. 1927 a, b) that Aspergillus niger can 
convert citric acid, in part at any rate, to acetone- 
dicarboxylic acid from which acetone and malonic 
acid are then formed. The only product which could 
be detected when the mould was allowed to act upon 
malonate was oxalate. Acetic acid was only once 
detected by Challenger et al. (1927) in a culture of 
A. niger on a citric acid medium and then only in 
very small quantity and in an old culture (21 days). 
Acetic acid never appeared in the metabolism solu- 
tion in young cultures. Since we have established 
the production of pyruvic acid from glucose by 
A. niger in the presence of arsenite which latter, by 
suppressing oxidative decarboxylation, hinders the 
breakdown of the keto acid, it seems reasonable to 
assume that pyruvic acid was the immediate pre- 
cursor of the acetic acid which was isolated in 
Exps. 1-3. Such pyruvic acid could have arisen 
either by the operation of the zymase system in the 
mould or as the ultimate product of a scheme of 
carbohydrate oxidation such as that suggested by 
Dickens (1936, 1938 a, 6) and by Lipmann (1936), 
and in the cells of the mould the acid possibly exists 
as the phosphate of its enol form. The conversion 
of pyruvie acid to acetic acid in the mould could 
conceivably occur in one or more ways, for example: 
(a) by oxidative decarboxylation, (b) by decarboxy- 
lation to acetaldehyde and subsequent dehydro- 
genation of acetaldehyde hydrate, and (c) by the 
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action of pyruvic dehydrogenase on pyruvic acid 
phosphate. 

The evidence brought forward in the present com- 
munication could therefore be considered to be in 
harmony with the hypothesis that in cultures of 
A. niger on glucose, pyruvic acid and acetic acid are 
precursors of citric acid. Since A. niger binds carbon 
dioxide (Foster, Carson, Ruben & Kamen, 1941) 
pyruvic acid could yield oxaloacetic acid which by 
union with acetic acid could afford presumably cis- 
aconitic acid and hence citric acid. This view receives 
support from a hitherto unpublished observation 
made recently by Mr G. Halliwell in this laboratory. 
He finds that addition of acetate to cultures of 
A. niger on glucose under certain conditions leads to 
a considerable increase in the yield of citric acid. 


SUMMARY 


1. Acetic acid has been isolated in yields up to 
0-382 % from mycelial felts of citric acid-forming 
strains of Aspergillus niger grown on glucose media. 
It was not present in the media at any time during 
growth of the moulds. 

2. The felts of cultures grown on media containing 
citric acid as sole source of carbon contained merely 
traces of acetic acid (yield 0-005 %) or were entirely 
free from the latter. 

3. Pyruvic acid has been detected in glucose 
solutions exposed to the action of Aspergillus niger 
in presence of 0-01 M-sodium arsenite. 

4. These facts are discussed in relation to the 
question of the mode of formation of citric acid in 
moulds. 


The authors are indebted to Prof. H. Raistrick, F.R.S., and 
to Dr K. B. Raper, who kindly supplied cultures of strains 
Ac. 1 and N.R.R.L. 67, respectively. Strain N 1 was derived 
from a culture presented to one of us many years ago by 
Prof. C. Neuberg. 
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According to the literature, p-aminobenzoic acid 
(PAB) is excreted in the urine mostly as the free acid 
and its N-acetyl derivative; the remaining part is 
eliminated conjugated with glucuronic acid and as 
p-aminohippuric acid (PAH) (Ellinger & Hensel, 
1914; Hensel, 1914; Cohen & McGilvery, 1946; 
Salassa, Bollman & Dry, 1948). There is no agree- 
ment concerning the formation of PAH. Thus, 
Beyer, Mattis, Patch & Russo (1945) attach little 
importance to PAH formation, and according to 
Quick (1926, 1932 a, b) PAH formation does not even 
occur. The technical difficulties encountered on 
attempting simultaneous demonstration of PAH and 
PAB probably explain these divergent results, as the 
methods at present in general use are based solely 
upon the reactions of the aromatic amino group. 

It is important for a number of reasons to have 
available a method permitting simultaneous deter- 
mination of PAH and PAB. Thus, Schreiner, Wesson 
& Anslow (1949) reported that one of the widely used 
PAH preparations was contaminated with 23% of 
PAB. Lundquist (1945) and Halmagyi & Kelemen 
(1949) reported that the renal clearance of PAB, 
provided that the level in the plasma is low and urine 
flow is high, yields values close to renal blood flow. 
The question arose whether these results were to be 
attributed to PAB itself or to its possible metabolic 
conversion to PAH. The methods used were in each 
case incapable of deciding this question. Further- 
more, the simultaneous determination may be of 
some importance in investigation of the role of PAB 
and p-aminosalicylic acid (PAS) in the metabolism 
of Mycobacterium tuberculosis (Landy, Larkum & 
Oswald, 1943; Bird, 1947; Lutz, 1949). Numerous 
other problems, which need not be enumerated here, 
could be attacked, using a method of this kind. 

Ekman (1948) chromatographed a number of 
primary aromatic amines on filter paper with 
various organic solvents, using diazotization and 
N-ethyl-1-naphthylamine hydrochloride for colour- 
ing. Tabone, Robert & Troestler (1948) and Tabone 
& Robert (1949) separated o-, m- and p-aminobenzoic 
acids and kynurenine by paper chromatography 
using a method similar to our own, but found n- 
butanol inconvenient for their purpose. In what 
follows we describe the use of filter-paper chromato- 
graphy for attacking problems such as those out- 
lined above. 


METHODS 


The determination was carried out by means of paper- 
partition chromatography, based on Ma & Fontaine’s (1949) 
modification of the upward-running method of Williams & 
Kirby (1948). Urine (2-5-20 yl.) was applied directly to the 
paper without any preliminary treatment. The solvent was 
n-butanol saturated with water, and the colouring agent 
was Ehrlich reagent (2 g. p-dimethylaminobenzaldehyde in 
100 ml. 20% (w/v) aqueous HCl). Ochre-yellow spots de- 
veloped suddenly on spraying, even at room temperature. 
Results must be read before the paper dries, that is within 
about an hour. The 2» values observed are shown in Table 1. 
The normal variations in pH and salt concentration of urines 
caused no alteration in the 2; values observed. The sensitivity 
of the reaction permits detection of as little as 1 yg. of each 
of the three compounds. With increasing amounts the size 
of spot increases, and excessive amounts (40-60 yg. on a 
20 cm. strip) can cause the confluence of the spots. Therefore 
amounts in excess of 20 yg. should be avoided by previously 
diluting the urine; 3-5-7-5 ug. gave the best results. Even 
large excesses of two of the substances do not interfere with 
the determination of the third. 


Table 1. R, values of p-amino compounds by 
ascending paper chromatography, using filter paper 
Whatman no. 1 at room temperature in n-butanol- 
water 


Ry 
p-Aminobenzoic acid (PAB) 0-68-0-72 
p-Aminohippuric acid (PAH) 0-07-0-10 

0-26-0-30 


p-Aminosalicylic acid (PAS) 


Using parallel strips with less than 20 yg. of the substance 
being determined, measurement of the area of spot can be 
used for quantitative comparisons, the error being +5-12%. 
Elution of unsprayed areas followed by photometric deter- 
mination (also using Schiff base formation with p-dimethy]- 
aminobenzaldehyde) failed to give better results. 


RESULTS AND DISCUSSION 


On administering PAB orally or intravenously to 
healthy persons, resulting plasma levels of PAB lay 
in the range of 1-5-24 mg./100 ml. On examining 
the urine of these subjects with our method, three 
spots developed on the chromatograms. One of 
these spots corresponded to PAB, the second to 
PAH and the third, which was present even in the 
urine of persons not receiving PAB, was lemon 
coloured (not ochre yellow) and was identified by 
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us as urea (R,, 0-25-0-31). We further observed 
that, on chromatographing with water-saturated 
isobutanol or phenol, urea separates well from PAS. 
The R, values in isobutanol were: PAS, 0-40—0-45; 
urea, 0-20—0-25. In phenol values were: PAS, 0-57— 
0-60; urea, 0-65—0-70. 

At plasma levels around 2 mg. total PAB/100 ml. 
the spot of PAB mostly failed to appear in the urine, 
the chromatogram indicating excretion predomin- 
antly of PAH. This seems to be an important fact 
concerning PAB clearance. The spot of PAB always 
appears at more elevated PAB serum levels, but the 
spot of PAH remains or even increases markedly in 
intensity. We eluted unsprayed PAH areas of our 
chromatograms and subjected the eluates to hydro- 
lysis with mineral acid. The presence of glycine in 
the hydrolysate was then demonstrated on a second 
chromatogram sprayed with ninhydrin. Following 
mild hydrolysis of the urine with hydrochloric acid 
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the spot corresponding to PAB also becomes 
stronger and brighter. This may be due in part to 
hydrolysis of the N-acetyl derivative, but the pheno- 
menon was not investigated in detail. 


SUMMARY 


1. A method using partition chromatography 
with filter paper permitted separation and deter- 
mination of microgram quantities of p-amino- 
benzoic, p-aminohippuric, and p-aminosalicylic 
acids when all occurred together. 

2. The method was used for investigating in what 
form p-aminobenzoic acid is excreted in humans. 
At all plasma levels investigated (up to 24 mg./ 
100 ml.) p-aminohippuric acid was present in the 
urine. 

The expenses of this work were met by a grant from 
the Lady Tata Memorial Trust. 
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In a previous paper from this laboratory (Stern, 
Eggleston, Hems & Krebs, 1949) it was shown that 
sliced brain tissue, when suspended in a saline 
medium containing glutamic acid, absorbs this 
amino-acid against a concentration gradient. Tissue 
slices thus afford a system in which problems of 
permeability and active transport can be studied 
under controlled conditions. The present paper is 
concerned with an in vitro study of the mechanism 
maintaining the high potassium gradient between 
nervous tissue and body fluids. The main result is 


* Preliminary communication: Krebs & Eggleston (1949). 


the demonstration that, apart from asource of energy 
such as glucose or lactate, L-glutamate is required 
for the maintenance of the high potassium concen- 
tration in brain and retina. 


EXPERIMENTAL 


Material. Guinea pig and rabbit brain were treated as 
described by Stern et al. (1949). Guinea pig kidney cortex 
and rat testis were handled in the same manner. 

Ox eyes were removed at the abattoir immediately after 
the death of the animal, placed in ice water and carried to 
the laboratory. The eye-ball was opened by a circular cut 
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along the equator, the vitreous body poured off, the retina 
divided in situ by radial incisions into four to eight sectors 
of approximately equal size and then separated from the 
choroid by blunt dissection. Each piece was rapidly weighed 
on a torsion balance (weight between 50 and 150 mg.) and 
placed in the medium in the main compartment of a conical 
Warburg cup. The cups were kept in a tray of ice-cold water, 
until they were attached to their manometers and trans- 
ferred to a water bath at 40°. At the end of the incubation 
period, usually 60 min., the tissues were removed from the 
cups, drained by sliding on a dry giass surface and again 
weighed on the torsion balance. They were then ground in 
a mortar with 2-5 ml. of a solution containing 330 mg. 
Na/100 ml. for K determinations by flame photometry or 
with 2-5 ml. of 0-4N-H,SO, for other analyses. One portion 
of the tissue which was not incubated was used for the estima- 
tion of the initial composition of the tissue. Four different 
portions of one retina in a parallel experiment showed no 
difference in their K content initially and after incubation. 

Media. Bicarbonate saline (Krebs & Henseleit, 1932), 
containing 5-93 m-equiv. K and 144 m-equiv. Na/I. and in 
equilibrium with a gas mixture containing 5% CO,, was the 
standard medium. In most experiments 3-4 ml. of this 
medium were diluted to 4 ml. by the addition of solutions of 
substrates or of 0-9% NaCl. The amount of K in 4 ml. of the 
medium in the cups before the addition of the tissue portions 
was found by analysis (see below, p.147) to be0-796-0-804 mg., 
i.e. 5-0-5-2 m-equiv./l. In a few experiments phosphate 
saline without Ca (Krebs & Eggleston, 1940) was used. 

All acidic substances were added as the neutral Na salts 
in solution. Glutathione and cysteine were neutralized 
immediately before use. Substances of low solubility were 
weighed directly into the Warburg flask. 


Analytical methods 


Estimation of potassium and sodium. A flame photometer 
was constructed by Mr G. Fletcher and Mr A. Renshaw in the 
departmental workshop according to information kindly 
supplied by Dr W. Klyne prior to publication of the paper by 
Domingo & Klyne (1949). The following minor modifications 
were found to improve its sensitivity for the determination 
of potassium. (1) A Cambridge Spot Galvanometer (sensi- 
tivity 160 mm./ya.) was used. The specified critical resist- 
ance of the instrument was 10,000 Q; however, a resistance 
of 5000 Q was found more effective in reducing erratic move- 
ment of the spot. (2) The photocell was a gas-filled caesium- 
silver oxide cell (Osram CMG8). Since the cell was not 
sufficiently sensitive at its specified working voltage of 80 V., 
a potential of 108 V. was applied. This produced a galvano- 
meter deflexion of about 2 em. for every 0-5 mg. K/100 ml. 
on a linear galvanometer scale. Although the photocell was 
overloaded, it was possible, by avoiding excessive illumina- 
tion, to prevent glow discharge. If, however, glow discharge 
occurred (after 6 months’ continuous use), the cell recovered 
after a period of rest and could be used again. 

Media were diluted in the way described by Domingo & 
Klyne (1949) for serum and plasma. For the estimation of 
K, 1 or 2 ml. samples of the ground tissues were diluted by 
the addition of 6-10 ml. of a solution containing 330 mg. 
Na/100 ml.; for the estimation of Na, samples were diluted 
ten times by the addition of distilled water. Each sample 
was determined at least twice and the flame photometer 
readings usually agreed within +0-025 mg. K/100 ml. and 
+0-02 mg. Na/100 ml. Since the content of K and Na of 
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the diluted tissue homogenates was of the order of 1-2 mg./ 
100 ml., the error was less than +2-5%. 

In earlier experiments the cobaltinitrite precipitation 
method, as described by Eden (1943), was used for the 
estimation of K. Ashing of tissues and media was found to 
be necessary and this was done according to Van Slyke & 
Rieben (1944), except that vitreosil crucibles were used in 
place of platinum crucibles. Comparison of this method 
with flame photometry showed that the latter had not only 
the advantage of greater speed, but also gave more con- 
sistent results in duplicate determinations. In some experi- 
ments both methods were used at the same time and the 
cobaltinitrite methods gave slightly higher results (see 
Table 1). Ashing of the tissue was not necessary for flame 
photometry ; analyses of ashed and unashed portions of the 
same sample agreed within the experimental error (see Stone 
& Shapiro, 1948). 

Estimation of giutamic acid, glutamine and ammonia. The 
determination of the sum of glutamic acid and glutamine 
and the differential determination of the two substances 
were carried out by the decarboxylase method of Gale (1945) 
and Krebs (1948). In most experiments no differentiation was 
made between glutamic acid and glutamine. The analytical 
values under the heading of ‘glutamate’ therefore represent 
glutamic acid plus glutamine unless otherwise stated. 

Calculation. Under certain conditions the weight of the 
tissues after incubation was found to be up to 20% higher 
than the initial wet weight. This increase was assumed to be 
due to adherent medium, and the results were corrected by 
subtracting the ionic content of an equivalent volume of the 
medium. In other cases the weight decreased and no further 
correction was applied. The resulting error was small in the 
estimation of K (see Stern et al. 1949, Table 1), but possibly 
large in the case of Na, which was present in the medium in 
high concentration. For this reason the technique employed 
cannot be regarded as very satisfactory for the study of the 
Na balance of the tissue. 

Duplicate experiments. In many cases all stages of the 
experiment were duplicated. The K contents of different 
portions of the same tissue treated in a similar manner 
differed from the mean by less than +5%. 


RESULTS 
Choice of material 


The first experiments on the movements of ions were 
carried out on brain cortex (Krebs & Eggleston, 
1949). Guinea pig kidney cortex and rat testis were 
found to be less suitable. In the case of testis dupli- 
cates did not agree satisfactorily ; this was probably 
due to partial disintegration of the tissue during 
incubation, as shown by a loss of 20-40% of the 
initial wet weight. Kidney cortex contains much 
preformed substrate and therefore does not lend 
itself to studies of the effects of added substrates. 
Ox retina, on the other hand, was found to be a 
satisfactory material which has the advantage that 
slicing is not required so that mechanical injury is 
reduced to a minimum. . Moreover, the store of 
respiratory substrates is low in retina. Sheep retina 
was also examined, but its isolation was more diffi- 
cult owing to adherence to the vitreous body. 
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Experiments on brain-cortex slices 


All experiments except one, in which rabbit brain 
was used, were carried out on guinea pig brain 
cortex. The results are shown in Table 1. It will be 
seen that under anaerobic conditions the potassium 
content of the slices fell to a low level approaching 
that of the medium (Exps. 1 and 2). Addition of 
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the joint addition of glucose and glutamate. In the 
presence of these substances the original concen- 
tration of potassium in the slice was maintained, 
or almost maintained. Aspartate had about the 
same effect as glutamate. 

Results obtained by the cobaltinitrite precipita- 
tion method agreed essentially with those obtained 
by flame photometry. 


Table 1. Effect of various substrates on the loss of potassium from brain-cortex slices 


(Guinea pig brain in all experiments except Exp. 2 (rabbit brain) incubated in bicarbonate saline. Concentration of 
glucose 0-02M, of L-glutamate 0-005mM unless otherwise stated, of DL-aspartate 0-01M, of adenosinetriphosphate 0-001 M. 
Figures marked with an asterisk (*) represent results obtained by cobaltinitrite precipitation method, all others by flame 
photometry. Where two figures are given these represent results of duplicate experiments on different portions of the same 
brain; in Exp. 5 the ashed samples of each tissue portion were analysed by both flame photometry and cobaltinitrite 


method.) 


Exp. Experimental 
no. Substrates added conditions 
] None Anaerobic 
Glucose Anaerobic 
Glucose; L-glutamate (0-01 m) Anaerobic 
Glucose; L-glutamate (0-01 m) Anaerobic 
adenosinetriphosphate 
Glucose; L-glutamate (0-01 m) Aerobic 
2 None Anaerobic 
Glucose Anaerobic 
Glucose; L-glutamate (0-01 m) Anaerobic 
None Aerobic 
Glucose Aerobic 
Glucose; L-glutamate (0-01 M) Aerobic 
3 None Aerobic 
None Aerobic 
None Aerobic 
Glucose; L-glutamate Aerobic 
+ None Aerobic 
Glucose Aerobic 
Glucose; L-glutamate Aerobic 
§ Glucose Aerobic 
Glucose Aerobic 
Glucose; L-glutamate Aerobic 
Glucose; L-glutamate Aerobic 
6 Glucose Aerobic 
Glucose; L-glutamate Aerobic 
7 Glucose; L-glutamate Aerobic 
Glucose; L-glutamate Anaerobic 
8 Glucose; L-glutamate Aerobic 
Glucose; DL-aspartate Aerobic 


glucose or glutamate had no marked effect under 
anaerobic conditions. Aerobically about half of the 
potassium originally present in the slices was lost 
during incubation when no substrate was added to 
the medium. Most of the loss occurred within the 
first 30 min. (Exp. 3). After 30 min. the level 
appeared to become stabilized at about one-half 
the original potassium concentration. Glucose 
slightly reduced the loss in some experiments but 
the effect was not marked. Glutamate alone had 


about the same effect as glucose (Krebs & Eggleston, 
1949). A very pronounced effect was produced by 


K found in tissue (m-equiv./kg.) 





Incubation c ~ ——_, 
period After 
(min.) Initially incubation Change 
60 90-4 9-3 - 81-1 
60 90-4 20-2 — 70-2 
60 90-4 12-3 — 78-1 
60 90-4 18-4 — 72-0 
60 90-4 95-0 + 46 
60 98-6 10-4 — 88-2 
60 98-6 38-3 — 60-3 
60 98-6 22-7 — 75-9 
60 98-6 28-6 — 70-0 
60 98-6 38°8 — 59-8 
60 98-6 68-2 — 30-4 
15 118* 82:5+ ~ 35-5* 
3¢ 118* 68-9* — 49-1* 
60 118* 64-3* — 53-7* 
60 118* 120-8* + 28 
60 112* 48-0* — 64-0* 
60 112* 55-0* — 57-0* 
60 112* 92-7* — 19-3* 
60 110, 116* 71-3, 75-4* —-38-7, —40-6* 
60 110, 116* 66-8, 74:5*  -43-2, —41-5* 
60 110, 116* 93-0, 97-5* —17-0, -—18-5* 
60 110, 116* 93-1, 108-8* -16-9, — 7-2* 
40 90-5 51:7, 57-5 — 39-0, —33-0 
40 90-5 77-0, 77-5 - 13-5, -—13-0 
40 90-4 77-5 - 12-9 
40 90-4 27-8, 29-0 — 62-6, —61-4 
40 96-8 79-5, 82-5 -—17-3, - 14-3 
40 96-8 80-5, 81-0 — 16-3, -—15-8 


Experiments on ox retina 


Changes in sodium and potassium content of retina 
in the excised eye. Some eyes were carried from the 
abattoir to the laboratory in ice-cold water and 
the retinae removed 1-2 hr. after the death of the 
animal. These retinae showed a lower potassium, 
and a higher sodium, content than expected from 
analogy with other tissues, e.g. brain, the sodium 
level being higher than the potassium level (see 
Table 2). This was found to be due to changes 
occurring after excision of the eye. Retinae pre- 
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pared for analysis at the abattoir immediately after 
the death of the animal gave sodium and potassium 
values of the order expected with potassium pre- 
dominating (Table 2). Thus potassium was lost 
during cold storage, presumably by diffusion into 
the vitreous body. At the same time the sodium 


Table 2. Potassium and sodium content of fresh, 
stored and incubated ox retina 


(A, retina removed from eye immediately after death of 
animal. B, retina removed from eye after 1-2 hr. storage 
in ice-cold container. (a) initial composition, (b) final com- 
position after aerobic incubation with 0-02M-glucose and 
0-005 M-L-glutamate in bicarbonate saline for 60 min.) 


Cation concentration 
(m-equiv./kg. tissue) 


en 
Retina no. Na K Na+K 

A 1 52 70-5 122 
2 55 64-8 120 

B 3a 107 29-1 136 
b 88 43-6 132 

4a 109 30-8 140 

b 83 55-0 138 

5a 97 31-1 128 

b 75 52-4 127 

6a 102 26-8 129 

b 65 68-0 133 


content of the tissue increased by an approximately 
equivalent amount. When the retina was incubated 
at 40° in bicarbonate saline containing glucose and 
glutamate, these changes were reversed and the 
original distribution of ions was largely restored 
(Table 2). 
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In the subsequent sections the influence of the 
composition of the medium on ion transport was 
studied in detail, but as the procedure used is not 
suitable for accurate measurements of the sodium 
concentration of the tissue the investigation was 
confined to a study of potassium transport. 

Effect of various substrates on the accumulation of 
potassium. When retina was incubated in bicar- 
bonate saline without added substrate the potassium 
content of the tissue fell about 10% below the 


Table 3. Effect of various concentrations of glutamate 
on the accumulation of potassium in retina 


(Aerobic incubation in bicarbonate saline for 60 min.; 
0-02 M-glucose.) 


K found in tissue 
(m-equiv./kg.) 


After 

incu- 
Initially bation Change 
Glucose 33-7 38-6 + 49 
Glucose; L-glutamate (0-0002M) 33-7 38-0 + 43 
Glucose; L-glutamate (0-001M) 33-7 49-6 +159 
Glucose; L-glutamate (0-002M) 33-7 47-6 +13-9 
Glucose ; L-glutamate (0-01 m) 33-7 64-0 +30°3 


starting (cold storage) value. In the presence of 
glucose, the potassium content was approximately 
maintained during incubation. As already stated, 
glucose and t-glutamate together caused a large 
increase in the potassium content of the tissue 
returning it to that of fresh retina (Tables 2 
and 3). 


Table 4. Effect of various substrates on the accumulation of potassium in ox retina 


(Aerobic incubation in bicarbonate saline for 60 min.; 0-02M-glucose.) 


Exp. no. Substrates added 


1 Glucose 
Glucose; L-glutamine (0-01 m) 
Glucose; «-ketoglutarate (0-01 m) 
Glucose; L-glutamate (0-01 m) 


Glucose 
Glucose; L-aspartate (0-005) 
Glucose; L-glutamate (0-005 m) 


3 Glucose 
Glucose; L-aspartate (0-005 m) 
Glucose; L-glutamate (0-005 m) 


4 None 
Glucose 
Glucose; L-aspartate (0-01 Mm) 
Glucose; L-asparagine (0-01 mM) 
Glucose ; L-glutamate (0-01 m) 
Glucose; L-glutamine (0-01 m) 


bo 


5 Glucose 
Glucose; L-valine 
Glucose ; L-methionine (0-01 m) 
Glucose; glutathione (0-02 m) 
Glucose ; L-glutamate (0-01 m) 


K found in tissue (m-equiv./kg.) 


Initially After incubation Change 
31-8 38-2 + 6-4 
31-8 42-0 +10-2 
31-8 39-2 + 74 
31-8 59-5 +27°-7 
31-1 38-0 + 6-9 
31-1 50-8 +19-7 
31-1 52-4 +21:3 
26-8 38-7 +11-9 
26-8 52-4 +25-6 
26-8 68-0 +41-2 
32-8 29-9 - 2-9 
32-8 35-1 + 23 
32-8 43-8 +11-0 
32-8 32:7 - 01 
32-8 55-0 + 22-2 
32-8 31-7 = Se 
35-6 37-6 + 2-0 
35-6 40-0 + 44 
35-6 49-9 +143 
35°6 61-0 +254 
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Addition of pui-lactate or of pyruvate had the 
same effect as addition of glucose, but when these 
substances were present together with glucose the 
effects were not additive. 

Glutamate alone did not cause accumulation of 
potassium, but like glucose maintained the initial 
potassium content of the tissue. When glucose was 
present, increasing concentrations of glutamate in 
the medium, within the range tested, caused in- 
creasing accumulation of potassium by the tissue 
(Table 3). The lowest concentration producing a 
measurable effect was 0-0005m. 

The following amino-acids when added to the 
medium in addition to 0-02M-glucose had no effect 
on the potassium level of the tissue: glycine, DL- 
alanine, L-valine, L-leucine, DL-isoleucine, L-phenyl- 
alanine, L-tyrosine, DL-serine, DL-threonine, DL- 
cysteine, L-methionine, L-arginine, L-lysine, L-histi- 
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Conversion of aspartate to glutamate. The effect of 
aspartate on the accumulation of potassium may 
have been due to its conversion to glutamate. To 
test this, ox retina and slices of guinea pig brain 
cortex were incubated with glucose and aspartate 
(0-01m) and the amounts of glutamate (plus glut- 
amine) and potassium in tissues and medium were 
determined (Tables 5 and 6). On incubation with 
aspartate the glutamate content of the tissue was 
increased and glutamate was found in the medium 
in concentrations which, according to Table 3, in- 
fluence the potassium concentration of the tissue. 
It is therefore possible that the effect of aspartate, at 
least in part, is due to its conversion into glutamate. 
The glutamate is presumably formed by transamina- 
tion between aspartate and the «-ketoglutarate 
arising in the oxidative metabolism of the tissue. 

Sodium, potassium and glutamic acid in intra-ocular 


Table 5. Formation of glutamate from aspartate in guinea pig brain-cortex slices 


(Aerobic incubation in bicarbonate saline for 40 min.; 0-02M-glucose, 0-005 M-aspartate.) 


Glutamate found (yl.) 








a “ Glutamate 
Substrates In tissue formed 
added in Initial wt. In slices plus medium during 

Exp. addition of slice c - , In 4 ml. after incubation 
no. to glucose (mg.) Initially Finally Change medium _ incubation (ul.) 
1 None 83-5 27-8 25-4 — 2-4 32-0 57-4 + 29-6 
Aspartate 75-0 24-8 36-3 +115 41-0 77-3 +52°5 
2 None 76-0 25-2 25-0 — 0-2 14-6 39-6 +14-4 
Aspartate 95-5 31-6 39-3 + 73 44-0 83-3 +51-7 


Table 6. Formation of glutamate and accumulation of potassium in the presence of aspartate in ox retina 


(Aerobic incubation in bicarbonate saline for 60 min. ; 0-02 M-glucose, 0-01 M-L-aspartate.) 








Glutamate found (yl.) Glutamate 
Substrates r — ‘ —- formed K found in tissue 
added in Initial wt. In tissue during (m-equiv./kg.) 
Exp. addition to of tissue =———-—+*——————_,_ In 4 ml. incubation | 
no. glucose (mg.) Initially Finally Change medium (pl.) Initially Finally Change 
1 None 101 — _— — — — 26-2 40-6 +144 
Aspartate 76°5 _ — _— — — 26-2 63-5 +37:3 
Aspartate 170-0 14-6 26-4 +11-8 41-6 +53-4 — — — 

2 None 88 _— _— —_ — — 31-6 35-4 + 38 
Aspartate 136 —- —_ — _ 31-6 50-2 +18-6 
Aspartate 161 17-9 26-5 + 86 24-9 +33-5 — — -- 


dine, L-proline, L-hydroxyproline and t-hydroxy- 
aspartic acid. The final concentration of the L-amino- 
acids was 0-01 M, of the pL-acids 0-02M. In contrast, 
L-aspartate caused an accumulation of potassium 
comparable to that produced by glutamate, whilst 
glutamine, asparagine, N-acetylglutamate and «- 
ketoglutarate were ineffective. Reduced glutathione 
had a small effect (see Table 4). Ammonium chloride 
(0-005m), together with glucose, caused a fall in 
the potassium content of the tissue. Di-Glutamate 
(002m) was almost as effective as L-glutamate 
(0-01m). 





fluid and in retina. In connexion with the preceding 
results, information on the sodium, potassium and 
glutamate concentration of the intra-ocular fluid of 
the ox eye is of interest. Enough fluid could be 
separated from the posterior half of the vitreous body 
for analysis. The potassium content varied from 5-33 
to 6-44 m-equiv./l., average 5-8 m-equiv./l. (fourteen 
estimations), the sodium content from 131 to 
142-5 m-equiv./l., average 137 m-equiv./l. (five esti- 
mations). In respect to these ions the composition 
of the intra-ocular fluid resembles that of serum (cf. 
Duke-Elder, 1942). The concentrations of sodium 
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and potassium are thus very different in intra-ocular 
fluid and in retina. 

One sample of fluid separated from the vitreous 
body was analysed for glutamic acid plus glutamine ; 
1-34 pmol./ml. was found. A pooled sample of two 
fresh retinae detached from the eyes at the abattoir 
immediately after the death of the animal, analysed 
as described by Krebs, Eggleston & Hems (1949), 
contained glutamic acid 5-66, glutamine 4-29 and 
ammonia <0-9 pmol./g. wet weight. The glutamine 
value is similar to that found in the brain of various 
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species, while the glutamic acid value is somewhat 
lower (cf. Krebs e¢ al. 1949). After transport of the 
eye from the abattoir, involving cold storage for 
1—2 hr., a lower value for glutamate plus glutamine 
was found in retina and this was raised about 4-7 
times on incubation with glucose and glutamate 
(Table 7). Only a small amount of glutamate ac- 
cumulated when glutamate alone was added. Sodium 
fluoride (0-02M), 2:4-dinitrophenol (2 x 10-*m) and 
malonate (0-02) inhibited the uptake of glutamate; 
iodoacetate (0-001 m) caused a fall of tissue glutamate 


Table 7. Effect of inhibitors on the accumulation of glutamate in retina 


(Aerobic incubation in bicarbonate saline for 60 min. Concentrations: glucose, fluoride and malonate, 0-02; pL-lactate, 
0-01; iodoacetate, 0-001 Mm; 2:4-dinitrophenol, 2 x 10-4m; glutamate, 0-005 in Exps. 1 and 2, 0-01m in Exp. 3.) 


Glutamate plus glutamine (ymol./g.) 








co > 
In tissue 
Exp. c ; \ 
no. Substrates and inhibitors added Initially After incubation Change *Metabolized’ 
1 Glutamate 7:36 17-0 + 96 — 26-0 
Glutamate; glucose; fluoride 7-36 15-6 + 82 -14-4 
Glutamate; glucose; malonate 7-36 29-2 21-8 —141 
Glutamate; glucose 7°36 37-7 +30-3 - 16-9 
2 Glutamate 4-95 17-9 +12-9 — 21-4 
Glutamate; glucose; 2:4-dinitrophenol 4-95 18-5 +13-6 - 11-2 
Glutamate; glucose; iodoacetate 4-95 1-7 —- 33 —12-0 
Glutamate; glucose 4-95 34-8 +299 - 17-2 
3 Glutamate; glucose; fluoride 6-34 18-0 +11-7 — 23-0 
Glutamate; glucose; malonate 6-34 26-0 +19-7 — 26-6 
Glutamate; glucose; 2:4-dinitrophenol 6-34 15-4 + 9-0 — 22-8 
Glutamate; glucose; iodoacetate 6-34 7-1 + 08 — 15-9 
Glutamate; pL-lactate; iodoacetate 6-34 14-7 + 8-4 — 9-4 
6-34 28-7 +22-4 — 33-9 


Glutamate; glucose 


Table 8. Effect of inhibitors on the accumulation of potassium in retina 


(Aerobic incubation in bicarbonate saline for 60 min.; 0-02M-glucose, 0-01 M-glutamate.) 


Substrates and inhibitors added 


Glucose 

Glucose; glutamate; fluoride (0-02 Mm) 

Glucose; glutamate; malonate (0-02 M) 

Glucose; glutamate; iodoacetate (0-001 Mm) 
Glucose; glutamate; 2:4-dinitrophenol (0-0002 m) 
Glucose; glutamate 


K found in tissue (m-equiv./kg.) 





c _— 
Initially After incubation Change 
34:3 42-4 + &l 
34:3 35:8 + 15 
34:3 55-0 +20-7 
34:3 8-6 — 25:7 
34:3 41-0 + 6-7 
34:3 68-3 +34-0 


Table 9. Accumulation of glutamate and of potassium in retina 


(Aerobic incubation in bicarbonate saline for 60 min. K and glutamate content was determined on different portions 


of same retina treated identically.) 


K found in tissue 


Glutamate found in tissue 


(m-equiv./kg.) (mmol./kg.) Glutamate 
Exp. e er, * metabolized 
no. Substrates added Initial Final Change Initial Final Change (mmol./kg.) 
1 Glutamate (0-001 m) 32-1 30-0 - 21 4-5 9-2 + 4:7 - 16-9 
Glutamate (0-001 m); 32-1 43-4 +11-3 4:5 22-7 + 18-2 -11-2 
glucose (0-02 m) 
2 Glutamate (0-002 m) 35-2 37-2 + 2-0 5°8 10-8 + 50 — 24:8 
Glutamate (0-002); 35-2 55-6 +20-4 5:8 31-5 + 25-7 - 16-3 


glucose (0-02) 
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to the level of the medium. All four inhibitors re- 
duced the amount of ‘glutamate metabolized’, i.e. 
the fraction of glutamate removed from the medium 
minus glutamate accumulated in the tissue (see 
Stern et al. 1949). 

Glutamate accumulation in relation to accumulation 
of potassium. The question arises whether potassium 
is the cationic equivalent of the glutamate anion 
transported into the tissue. If this were so, the 
amount of glutamate transported should never be 
less than the amount of potassium transported, and 
further, substances which inhibit the transport 
of glutamate should also inhibit the transport of 
potassium. This is actually the case. Comparison of 
Tables 7 and 8 shows that approximately equivalent 
amounts of potassium and glutamate are trans- 
ported. In the experiments recorded in Table 9, the 
changes in the potassium and glutamate concen- 
trations were determined in the same tissue and 
somewhat more glutamate was transported than 
potassium. However, glutamate in these experi- 
ments represents the sum of glutamic acid and 


Table 10. Accumulation of glutamine, glutamic 
acid and potassium in retina 


(Aerobic incubation in bicarbonate saline for 60 min.; 
0-02 M-glucose, 0-01 M-L-glutamate.) 


(umol./g. wet wt.) 
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Experiments in phosphate saline. Phosphate saline 
without calcium (Krebs & Eggleston, 1940) was used 
in place of the bicarbonate saline and carbon dioxide 
was absorbed by alkali. As shown in Table 11, the 
substrate combination glucose plus glutamate again 
increased the potassium uptake by ox retina, but 
the amounts of potassium transported were some- 
what smaller. There was no parallelism between 
potassium uptake and oxygen uptake. 

Effect of drugs and hormone preparations. An 
attempt was made to study the effect of some drugs 
and hormones on the potassium content of retina 
incubated with glucose and glutamate, since it was 
thought that those substances might intervene in 
the mechanism involving the transport of potassium. 
Retina which had lost part of its physiological 
potassium content during cold storage was the test 
material. As already described, the potassium con- 
tent of this tissue rose to its physiological level during 
incubation when no drug was added. Addition to 
the medium of picrotoxin (3 x 10-*m), of pheno- 
barbitone (2-5 x 10-4m) and of these two substances 
together had no effect on the amount of potassium 
transported. No conclusive results were obtained in 
preliminary experiments with acetylcholine (10->m) 
plus eserine (5 x 10-°m), with histamine (5 x 10->m), 
and with adrenal cortex extract, Eschatin (Parke, 
Davis and Co.). 


Anaerobic experiments. When retina, which during 


E c = 3 ane —- cold storage had already lost about 50% of its 
- ‘ _ ‘aataate : original potassium content, was incubated anaero- 
no. Glutamine acid Potassium : ; : 

1 Initiall 0-4 6-3 33-9 bically for 60 min. a further loss of potassium oc- 
nitially : o° >” e e 
After ee 2.9 27-5 51-9 curred in the absence of added substrates, resulting 
Change +18 +21-2 +18-0 in an overall loss of more than 80% of the in 

2 Initially 1-7 9:1 36-0 vivo level. Glucose prevented the further loss of 
After incubation 8-1 20-3 50-1 potassium on incubation, but failed to restore the 
Change +64 +11-2 +141 potassium level to its in vivo value. In some experi- 


glutamine; differential determination of these sub- 
stances showed that the increase of glutamine in the 
tissue during incubation was small and that approxi- 
mately equivalent amounts of glutamic acid and 
potassium accumulated in the tissue (Table 10). The 
results are thus in accordance with the view that 
glutamate and potassium are transported together, 
but they do not prove it. 


ments glutamate, when present in addition to 
glucose, caused a slight rise in the potassium level. 
Addition of adenosinetriphosphate had no effect 
(Table 12). 

Effect of substrates on the disintegration of the tissue 
during incubation. Retina incubated in bicarbonate 
saline under aerobic conditions with glucose and 
glutamate increased in weight, usually by about 
10-15%. Retina incubated without a substrate or 


} Table 11. Accumulation of potassium in retina in phosphate saline without calcium 
phosp 


(Incubation 60 min. at 40°; 0-02 Mm-glucose, 0-01 M-glutamate.) 





K found in tissue (m-equiv./kg.) -Qo, 

c A (yl./mg. 

Exp. no. Substrates added Initially After incubation Change dry wt./hr.) 

1 Glucose 30-1 34:5 + 3-4 11-0 
Glutamate 30-1 34-4 + 33 14-3 
) Glucose; glutamate - 30-1 40-2 +10-1 13-2 
2 Glucose 31-7 41-6 + 99 16-6 
Glutamate 31-7 33-9 +t 2-2 14-2 
Glucose; glutamate 31-7 50-6 +18-9 14-2 

10 
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Table 12. Accumulation of potassium in retina under anaerobic conditions 
(Incubation 60 min. at 40°; 0-02 M-glucose, 0-01 M-glutamate, 0-001 M-adenosinetriphosphate (ATP).) 
K found in tissue (m-equiv./kg.) 0, 
Exp. SS — (pl./mg. 
no. Substrate added Initially After incubation Change dry wt./hr.) 

1 None 34-9 12-0 — 22-9 2-4 
Glucose 34-9 28-8 - 61 24-9 

Glucose; glutamate 34-9 36-5 + 146 22-3 

2 None 32-9 11-2 -21-7 3-1 
Glucose 32-9 29-7 - 3-2 22-7 

Glucose; glutamate 32-9 35-5 + 2-6 22:9 

3 Glucose 24-4 29-4 + 50 23°6 
Glucose; glutamate 24-4 39-4 +15-0 27-6 

Glucose; glutamate; ATP 24-4 32-8 + 84 28-8 

4 Glucose 31-7 35-6 + 3-9 26-8 
Glucose; glutamate 31-7 48-1 +16-4 28-1 

Glucose; glutamate 31-7 46-0 +143 29-1 

Glucose; glutamate; ATP 31-7 43-7 +12-0 29-6 

Glucose; glutamate; ATP 31-7 44-6 +129 _ 32-8 

with either glucose or glutamate alone, usually lost DISCUSSION 


about 5-10% of its initial wet weight. Under 
anaerobic conditions the loss was about 15-30% in 
the absence of a substrate, and about 5-10% with 
glucose. 

As already stated, the weight increase must have 
been due either to adherent medium or to swelling, 
whilst the loss of weight indicates disintegration of 
the tissue. It appears that glutamate reduces or 
prevents the disintegration of the tissue during 
incubation. Retina incubated without glutamate, 
even in the presence of glucose, appeared opaque 
and fragile. In the presence of glucose and glutamate 
the appearance of the tissue was normal. 

Balance of ion exchanges between tissue and medium. 
Changes in the content of inorganic ions of the tissue 
are bound to cause corresponding changes in the 
medium. However, as the volume of the latter is 
much greater than that of the former the concen- 
tration changes are much smaller and measurements 
on the medium are therefore liable to greater experi- 
mental error. Further complications arise from the 
partial disintegration and swelling of the tissue 
which are more pronounced in brain slices (see 
Elliott, 1946) than in retina. Since the concentration 
of potassium in the tissue is much higher than in the 
medium, contamination of the medium by small 
amounts of disintegrated tissue causes a greater 
error than contamination of. the tissue by the 
medium. This should be borne in mind in the inter- 
pretation of analytical data on the medium. Full 
experimental data on the balance of potassium 
changes in tissues and media are shown in Table 13. 

Effect of temperature. Two experiments (Table 14) 
show that at 20° much smaller amounts of potassium 
are transported into the tissue in a given time than 
at 40°. This is presumably due to the lower rate of 
energy supply at the lower temperature. 


Factors controlling potassium content of brain and 
retina. The main result of the experiments described 
in this paper is the demonstration that two types of 
substrate, namely, glucose (or lactate or pyruvate) 
and glutamate (or aspartate) must be present in the 
medium if the potassium content of brain-cortex 
slices is to be maintained in vitro. Furthermore, 
aerobic conditions are required. Ox retina behaves 
essentially in the same way as brain slices, but in the 
present experiments the state of the two tissues 
differed at the start of the incubation in one respect. 
Retina had an abnormally low potassium content 
owing to loss during transportation of the eye from 
the abattoir to the laboratory. Guinea pig brain 
slices, on the other hand, had a normal potassium 
level at the start of the experiment. The specific 
effect of aerobic incubation with glucose and glut- 
amate in retina was to restore the physiological 
level. 

Dixon (1949), working with rabbit-brain slices, 
reported that under anaerobic conditions ‘the 
leakage of potassium was suppressed by glucose and 
was usually replaced by a small net absorption of 
potassium’. This may appear to be in disagreement 
with the results reported in the present paper, but 
the different findings may be accounted for by 
differences in technique. In Dixon’s (1949) experi- 
ments the brain slices were washed in saline saturated 
with nitrogen containing 5 % CO, and this probably 
reduced the potassium content of the tissue very 
appreciably. Therefore the starting level of potassium 
in the brain slices was probably low and comparable 
to that found in retina after cold storage. In retina, 
glucose had a small effect under anaerobic con- 
ditions similar to that reported by Dixon (1949) for 
brain. It should be pointed out that Dixon examined 
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the changes in the medium only and did not measure 
the potassium content of the tissue before and after 
incubation. 

There is a difference in the effects of glutamate (in 
the presence of glucose) in brain and retina under 
anaerobic conditions. In retina glutamate slightly 
increases the potassium content whilst in brain it 
lowers it. This difference is not unexpected as it is 
known that glutamate inhibits anaerobic glycolysis 
in brain but not in retina (Weil-Malherbe, 1938). 


Table 14. Effect of temperature on accumulation 
of potassium in retina 
(Aerobic incubation in bicarbonate saline for 60 min.; 
0-02 m-glucose, 0-01 M-L-glutamate.) 


K found in tissue 
(m-equiv./kg.) 
al 





— a ~ 
Exp. After 

no. Temp. Initially incubation Change 
1 40° 36-6 56-4 +19-8 
40° 36-6 57-7 +21-1 

20° 36-6 42-0 + 54 

20° 36-6 37-2 + 06 

2 40° 34:8 61-0 + 26-2 
40° 34-8 58°8 + 24-0 

20° 34:8 40-3 + 55 

20° 34:8 38-0 + 3-2 


Danowski (1941), Harris (1940, 1941) and Maizels 
(1948) have shown that red blood cells lose potassium 
when the energy-giving reactions are prevented by 
lack of glucose, low temperature or addition of 
inhibitors. This leakage of potassium from red cells 
in the absence of energy-giving reactions is very 
much slower than in brain and retina. It remains 
to be investigated whether in the case of red cells 
glutamic acid is required for the transport of 
potassium. In the experiments quoted the red cells 
were suspended in plasma, which contains about 
5 x 10-4m-glutamic acid (Krebs et al. 1949). 

Specificity of glutamic acid. Among many sub- 
stances tested, L-aspartate was the only one which 
had an effect comparable to that of L-glutamate. As 
aspartate can be readily converted into glutamate in 
brain and in retina, it is possible that aspartate has 
no effect as such. 

The roles of glucose and glutamate in potassium 
transport. The two types of substances required 
for potassium transport probably have different 
functions, glucose being a source of energy and 
glutamate serving some other specific function. As 
the transport occurs against the concentration 
gradient, energy is required and it is therefore 
understandable that experimental conditions which 
reduce the supply of energy, e.g. the presence of 
respiratory inhibitors, low temperature and anaero- 
bic conditions, also reduce the rate of potassium 
transport. If the energy requirement were the only 
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need which the substrates of the medium have to 
meet, the presence of carbohydrate in the medium 
should be sufficient. As glutamate is also required 
it may be argued that it is used for another purpose. 
It is remarkable that glutamate maintains the full 
rate of respiration in retina under the experimental 
conditions, and yet is not capable of maintaining 
the full rate of potassium transport if present as the 
only substrate. No attempt is made to explain this. 

The fact that glutamine, in contrast to glutamate, 
does not promote potassium transport, suggests that 
the ionization of the y-carboxyl group of glutamate 
is essential for potassium transport. Since the move- 
ments of glutamate and potassium are parallel and 
approximately equivalent, it may be assumed as a 
working hypothesis that potassium is the cationic 
equivalent of the glutamate anion. However, more 
knowledge of the behaviour of other ions is required 
before a detailed hypothesis can be considered. 

Effect of glutamate and potassium on tissue meta- 
bolism. Ashford & Dixon (1935) found, and Dickens 
& Greville (1935) confirmed, that addition of 0-1m- 
potassium chloride to an isotonic saline medium 
increased respiration and aerobic glycolysis of brain 
tissue. Effects of the same kind and magnitude are 
obtained on addition of L-glutamate (Weil-Malherbe, 
1938). The effects produced by potassium and 
glutamate have presumably a common root: both 
substances raise the potassium concentration in the 
tissue slice. 


SUMMARY 


1. Slices of guinea pig and rabbit brain cortex 
when incubated in a saline medium lost potassium 
ions by diffusion into the medium. To prevent this 
loss two substrates, glucose and L-glutamate, had 
to be added together to the medium, and conditions 
had to be aerobic. Neither glucose nor glutamate, 
when present alone, prevented the loss. 

2. The retinae of ox eyes, stored for 1—2 hr. at 
0°, lost about one-half of their potassium content 
and gained an equivalent amount of sodium. On 
incubation in vitro the in vivo levels of potassium 
and sodium were approximately restored if both 
glutamate and glucose were present in the medium. 
Glucose could be replaced by lactate or pyruvate, 
and u-glutamate by L-aspartate. Added alone, 
glucose and glutamate caused only small increases 
in the potassium content of the tissue. 

3. L-Aspartate was converted into L-glutamate in 
brain and retina; it is probable that aspartate as 
such has no effect on potassium transport. 

4. Glutamate and potassium were taken up by 
retina from the medium in approximately equivalent 
amounts. The possible .significance of this equi- 
valence is discussed. 

5. Anaerobically glucose and glutamate had no 
major effects in brain slices. In retina, partly 





l 


Oe a a Se ee 





~~ 


— — 


Vol. 47 


depleted of its normal potassium content, small 
increases occurred on incubation with the two sub- 
strates. 

6. It is suggested that glucose (or lactate or 
pyruvate) is required as a source of energy, whilst 
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L-glutamate serves another function in potassium 
transport. 

We wish to thank Dr W. Klyne for information on the 
flame photometer of Domingo & Klyne (1949) and for 
instruction in its use. 
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(Received 21 December 1949) 


Suramin has a very powerful trypanocidal action in 
vivo, and furthermore, it has a prolonged prophy- 
lactic action; e.g. one injection of 1 or 2g. may 
protect an individual against sleeping sickness for 
several weeks or even months. This long protection 
can almost certainly be accounted for by the long 
retention of the drug in the blood plasma and tissues, 
as a result of its firm combination with the body 
proteins (see Boursnell & Wormall, 1939; Dewey & 
Wormall, 1946). The precise mode of action of 
suramin on trypanosomes or on the body defence 
mechanisms is, however, not known. 

We have studied the action of suramin on proteins 
as a preliminary to an investigation of the direct 
action of the drug on trypanosomes and more 
particularly on the enzymes of the trypanosome. 
Some evidence is already available that suramin in- 
hibits certain enzymes. Relatively high concentra- 
tions (m/140) inhibit trypsin (Beilinsohn, 1929), 
m/6000 suramin is toxic to fumarase but not to 
urease (Quastel, 1931), and it strongly inhibits 
hyaluronidase (Beiler & Martin, 1948). According to 
Stuber & Lang (1926) it retards blood glucolysis, but 
no evidence of this action was found by Tcher- 
niakofsky & Nattan-Larrier (1937). In spite of its 


capacity to combine firmly with all the proteins we 
have tested, suramin is not a general enzyme poison. 

This and the following paper describe investiga- 
tions made with the following objects: (i) A study of 
the action of suramin on some enzymes taking part in 
carbohydrate metabolism. (ii) A qualitative and 
quantitative study of the combination of the drug 
with proteins and some enzymes, to determine as far 
as possible the nature of the protein groups involved 
and the number of molecules of the drug required to 
inactivate suramin-sensitive enzymes. (iii) Investi- 
gations on the relationship between concentrations 
required to inhibit some enzymes and the amounts of 
the drug present in the blood of injected animals. 


- Preliminary accounts of a few of these experiments 


have been briefly recorded (Town, Wills & Wormall, 
1949a, b; Town & Wormall, 1949; Wills & Wormall, 
1949). 

EXPERIMENTAL 


Suramin determinations. These were made as described 
previously (Dangerfield, Gaunt & Wormall, 1938; Boursnell, 
Dangerfield & Wormall, 1939). Where the amount of drug 
present was too small to permit the use of the Tintometer 
disks, e.g. in some of the enzyme studies, standards were 
made from acid-hydrolysed suramin suitably diluted with 
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3n-HCl. The suramin values for plasma and suramin- 
protein complexes have been corrected for small blank 
values (equivalent to suramin values of about 1 mg./100 ml. 
of rabbit plasma and 0-1—0-2 mg./g. of protein). 

Enzyme activity determinations. Full details of the 
methods used are given in the following paper (Wills & 
Wormall, 1950). 

Total nitrogen determinations. These were made by the 
micro-Kjeldahl method, using the distillation apparatus 
described by Markham (1942). The NH, was distilled into 
boric acid containing a modified Tashiri indicator and 
titrated with 0-0143 n-HCl (cf. Kabat & Mayer, 1948). Where 
the amount of material available was small, an ‘Agla’ 
micrometer syringe (Burroughs Wellcome and Co.) was used 
for the titration. Suramin gives the theoretical value 
(5-88 % N) by this technique. 

Suramin injections. A solution of the drug in 0-9% (w/v) 
NaCl was injected into the marginal vein of one ear of a 
rabbit and all blood samples were taken from the other ear. 
Except in special circumstances the dose given was, on a 
body-weight basis, within the range used therapeutically 
for man (i.e. 1-2 g./70 kg. man, or 14-28 mg./kg.). 





RESULTS 


Plasma suramin contents following the intravenous 
injection of the drug into rabbits 


Relatively little detailed information is available 
about the plasma suramin concentrations of man and 
other animals following the intravenous injection of 
the drug. Of necessity the observations on man have 
often involved a few isolated determinations on 
sleeping sickness patients receiving one or a series of 
injections, and the experiments with rabbits and 
other small animals have often involved the in- 
jection of much larger doses than are used thera- 
peutically for man. We decided, therefore, to 
determine changes of plasma suramin concentration 
of rabbits over a period of several weeks after the 
injection of amounts of suramin equivalent on a 
body-weight basis to the 1—2 g. doses given at each 
injection to men suffering from sleeping sickness. 

In general, a comparison of our results with rabbits 
and those of others on man (cf. Hawking, 1940) 
during the first few days after the suramin injection 
show that there is a general similarity between the 
two animal species with regard to the initial reten- 
tion of injected suramin. The ‘normal’ dose of 
suramin given to man varies very appreciably. 
Many authorities recommend an initial dose of 
0-5 g., followed by doses of 1 g. a few days later and 
subsequently at weekly intervals up to a maximum 
total of about 10 g. Others advocate doses of 1-5- 
2-0 g., particularly where a single prophylactic in- 
jection is being given. In our experiments we 
decided to confine ourselves to single injections and 
give doses of 14 and 28 mg./kg. (equivalent to 1 and 
2 g., respectively, for a 70 kg. man). 

Three rabbits (group 1; nos. 780, 632 and 779, weighing 
2-5, 2-9 and 2-45 kg., respectively) each received an intra- 
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venous injection of 28 mg. of suramin/kg. Samples of blood 
(6-14 ml.) were taken at intervals, treated with K oxalate 
and immediately centrifuged and the plasma separated. 
Suramin and total N determinations were made on suitable 
portions of these plasmas. A second group of rabbits 
(nos. 468, 630 and 790, weighing 3-3, 2-4 and 2-45kg., 
respectively) each received an injection of 14mg. of 
suramin/kg. 


The results of these experiments are given in 
Figs. 1 and 2. They confirm and extend our previous 
observations (Dangerfield et al. 1938; Boursnell et al. 
1939). A month after the injection of 28 mg. of 
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Fig. 1. Plasma suramin after the intravenous injection of 
28 mg. of suramin/kg. (averages for three rabbits). 
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Fig. 2. Plasma suramin after the intravenous injection of 
14 mg. of suramin/kg. (averages for three rabbits). 


suramin/kg. the rabbits had a plasma suramin con- 
centration of 1-2 mg./100 ml., and with a single in- 
jection of 14 mg./kg., the plasma suramin concentra- 
tion one month later was usually 0-5—1-0mg./100 ml. 

The average values for each group of rabbits gave 
smooth curves, but there were occasionally appreci- 
able differences between the responses of individual 
rabbits in any one group, as was observed in investi- 
gations on the retention of suramin in the kidney and 
other tissues (Boursnell & Wormall, 1939). Hawking 
(1940) has found that in man also there is a tendency 
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for marked variations to occur in the capacity to 
retain suramin in the blood. Rarely, however, was 
the plasma suramin concentration very much below 
the appropriate average value given in Figs. 1 and 2. 

A few typical results for the individual rabbits of 
group | are shown in Table 1. These, and our other 
(unpublished) results, show that rabbits injected 
intravenously with 28 mg. of suramin/kg. invariably 


Table 1. Plasma suramin contents of rabbits 
injected with 28 mg. of suramin|/kg. 


Plasma suramin (mg./100 ml.) 





Time 


c on 
after Rabbit Rabbit Rabbit 
injection no. 780 no. 632 no. 779 
5 min. 71 68 68 
20 min. 53 54 49 
1 hr. 31 36 30 
3 hr. 19-4 22-1 18-2 
26 hr. 5-4 11-2 5-5 
14 days 2-3 3-6 1-9 
7 weeks 0-7 1-1 0-7 


have a plasma suramin content of at least 70 mg./ 
100 ml. for 3 or 4 min. after the injection, and at 
least 30mg./100 ml. at the end of lhr. These 
amounts correspond, respectively, to concentrations 
of m/2000 and m/5000 suramin (cf. Fig. 1), and this 
is appreciably above the minimum concentration 
required to inactivate completely certain enzymes. 
Furthermore, it should be remembered that, in the 
experiments involving frequent bleeding of the 
rabbits, the withdrawal of blood results in the 
removal of a significant amount of suramin. The 
rabbits in group 1, for example, lost about 15 % of 
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the injected drug in the blood samples taken during 
the first 24hr., and the plasma would almost 
certainly have contained appreciably greater 
amounts of suramin than those recorded in Figs. 1 
and 2 if the animals had not been bled frequently ; 
it is not easy, however, to make any simple correction 
for this loss. The plasma protein level fell by 12- 
18 % during the period 1-20 hr. after the injection, 
but it cannot be assumed that the suramin level is 
affected to the same extent. 


The state of the suramin in the blood of 
injected rabbits 


When suramin is injected into the blood stream, 
most of the injected drug rapidly becomes attached 
to the plasma proteins, but it is probable that a 
significant fraction remains free, or at least is only 
loosely attached to the proteins. We have, therefore, 
measured, over a wide range of plasma suramin con- 
centrations, the amount of firmly bound suramin 
in the plasma of rabbits injected with the drug. 
Suramin which is firmly bound to protein is not 
removed by methanol, in which suramin is very 
soluble, and in these experiments we have precipi- 
tated and washed the plasma suramin-protein com- 
plexes with methanol, to remove as far as possible 
the loosely attached suramin. 


Some of the plasma samples collected from the rabbits of 
group | referred to in the previous section were treated with 
methanol (6 vol.) and the mixtures centrifuged as soon as 
possible. Each precipitate was washed twice with methanol 
(6 vol. each time) and then dried in vacuo over CaCl,. 
A suramin determination was made on the whole of each 


Table 2. Methanol-precipitated drug-protein complexes from the plasma of rabbits 
injected with suramin (28 mg./kg.) 


(The experimental details are given in the text, above. Control experiments with normal rabbit plasma showed that the 
proteins precipitated by, and washed with, methanol gave an average value equivalent to 0-5 mg. of suramin/100 ml. 
plasma, and the values for the suramin-containing plasmas have been accordingly corrected for this blank.) 


Suramin content of 





Rabbit 


no. 
780 


Time after 
injection 
2 min. 
5 min. 

10 min. 
20 min. 
1 hr. 
3 hr. 
20 hr. 
72 hr. 
14 days 


779 


5 min, 
20 min. 
1 hr. 
3 hr. 

20 hr. 
14 days 





“ 
Precipitated complex 
fe ee ; i 
mg. complex 








Whole precipitated from As % of total 
plasma 100 ml. plasma plasma suramin 
74 54 73 
71 51 72 
62 46 74 
53 40 75 
31 22 71 
19-4 16-1 83 
6-9 6-2 90 
4-2 3-8 90 
2-3 1-9 (82) 
68 50 73 
49 35 71 
29-6 20-7 70 
18-2 12-7 84 
7-0 5-9 84 
1-9 1-8 (94) 
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sample, and also on precipitates obtained similarly from 
normal rabbit plasma. 

Typical results of these experiments are given in 
Table 2. Most of the injected drug, certainly over 
70%, became firmly attached to the plasma pro- 
teins during the first 2 or 3 min. after the injection, 
and during the next 24 hr. there was a slight fall in 
the percentage of total plasma suramin present in 
the ‘free’ state. Even after 3 or 4 days, however, the 
amount of ‘free’ suramin was quite significant, and 
the same may be true after 14 days, but the suramin 
contents of the plasma and the precipitated com- 
plexes were then sosmall that any difference between 
the two values has little quantitative significance. 


Combination of suramin and egg albumin 


With many proteins it is often possible to precipi- 
tate a suramin-protein complex merely by adding a 
neutral solution of the drug to the neutral protein 
solution. Precipitation only occurs, however, within 
a certain range of suramin concentration, and with 
excess of either suramin or protein there is usually 
no precipitate. We have studied this precipitation 
with egg albumin in order to determine the best 
conditions for obtaining the insoluble complexes, and 
have also estimated the relative molecular amounts 
of drug and protein in these complexes. The tests 
were made in quadruplicate, so that two precipitates 
of each set could be lightly washed with 0-9 % sodium 
chloride (to remove adhering supernatant liquid) 
and two with methanol (to remove all the loosely 
attached suramin). 

Exp. 1. Samples (5-0 ml.) of a neutral 9-1% (w/v) solu- 
tion of crystalline egg albumin were treated with amounts of 
suramin ranging from 0-2 to 5-0 mg. dissolved in 0-9% 
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NaCl (1 ml.). All the mixtures immediately gave turbi- 
dities, and discrete particles gradually separated. The 
mixtures were kept at 19° for 2 hr., and then centrifuged. 
The inner walls of two tubes cf each set were cleaned with 
filter paper and the precipitates were washed quickly with 
0-9% NaCl (3 ml.) and then dissolved in saline with the aid 
of a little n-Na,CO,. The other two precipitates were 
washed three times with methanol (3 ml. each time) and 
then dissolved in saline with the aid of a little N-NaOH. The 
solutions of the washed precipitates were diluted to 5 ml. 
and suramin and total N determinations were made on 
samples. 

Exp. 2. This was similar to Exp. 1, but a more dilute egg 
albumin solution and a slightly wider range of suramin con- 
centration were used. 


The results of these experiments (Table 3) show 
that even with a wide range of suramin concentration 
the composition of the precipitated complexes does 
not vary very greatly. In Exp. 1, for example, the 
saline-washed precipitate from the mixture con- 
taining 0-4 mg. of suramin had a suramin: egg 
albumin molecular ratio of 2-3, and 12-5 times this 
amount of suramin gave a precipitate with a ratio of 
3-6. The precipitates washed with methanol con- 
tained, as was expected, less suramin than did those 
lightly washed with saline, and the molecular ratios 
were lower, possibly because any egg albumin freed 
from loosely combined suramin would in this case 
remain in the precipitate. From these and similar 
experiments it has been found that where these 
complexes separate from drug-protein mixtures, a 
large part of the suramin originally present may be 
found in the precipitated complex. In most of the 
mixtures referred to in Table 3, for example, over 
40 % of the suramin was found in the precipitate and 


occasionally the amount was over 75%. 


Table 3. Combination of suramin and egg albumin 


(In Exp. 2 none of the precipitates was washed with methanol. See above for experimental details.) 


Egg of precipitates 
albumin washed with Suramin in Molecular ratio of 
concn. Suranin = =————*——_ precipitate as % suramin/egg 
in final added/ 0-9% NaCl Methanol of that added albumin 
Exp. mixture 6 ml. (a) (b) os 7) —_—_—*—7 
no. (g./100 ml.) (mg.) (g./100 g.) (g./100 g.) (a) (b) (a) (b) 
1 7-6 5-0 10-6 4-6 12 13 3-6 1-43 
2-0 8-9 4-0 30 29 3-0 1-27 
1-0 9-3 4:3 53 47 3-1 1-33 
0-8 9-0 3-7 61 49 3-0 1-14 
0-6 8-2 4-0 62 68 2-7 1-26 
0-4 7-1 3-1 53 65 2-3 1-02 
0-2 5-2 2-9 45 55 1-7 0-90 
2 4-2 17-1 13-4 _ + — 4-7 — 
8-6 12-7 me 12 _— 4-5 - 
2-1 9-5 — 51 — 3-3 — 
1-07 10-2 — 81 — ‘3-4 — 
0-53 5-6 ~- 79 — 1:8 — 
0-26 3-6 -- 58 — 1:3 — 
0-09 1-3 —_— 17 —_— 0-37 — 


Suramin content 





wl ee ee ee 


a 36a beet 








v 


- — OO = OO me mw we 





a a a mr en errr 


a 


Vol. 47 


Other experiments have been carried out in which 
the pH of the mixtures of suramin and egg albumin 
was controlled by buffers between pH 6-5 and 8-0. 


To the egg albumin solution (6-0 ml. of 8-0% (w/v) 
crystalline egg albumin) 0-2N-NaOH was added to give the 
desired pH, followed by 0-2m-phosphate (2 ml.) and water 
(0-0-18 ml.) to bring all the mixtures to the same volume. 
Suramin (1-0 ml. of a neutralized 0-03 or 0:10% (w/v) 
solution) was then added and the mixture was shaken. 
Precipitates appeared at once in all the tubes, and after the 
mixtures had stood at about 15° for 2 hr. they were centri- 
fuged. Each precipitate was washed once with 4 ml. of a 
0-05 m-solution of the appropriate buffer and then dissolved 
in water (5 ml.) plus 1 drop of 0-5n-NaOH. Suramin and 
total N determinations were made on these solutions. 

The results (Table 4) showed that the composition 
of these complexes which separated from buffered 
mixtures of egg albumin and suramin varied very 
little over the range pH 6-5-8-0. They contained 


Table 4. Insoluble egg albumin-suramin complexes 
formed over the range pH 6-5-8-0 


(The results given below are the averages of duplicate 
experiments.) 


Suramin added Precipitated complex 








to 6 ml. of —— A ' 
8-0% egg Suramin Suramin/egg 
albumin content albumin 
pH (mg.) (g./g. total N) (mol./mol.)* 
6-5 0-3 0-55 2-7 
7-0 0:3 0-49 2-4 
75 0-3 0-56 2-8 
8-0 0-3 0-50 2-5 
6-5 1-0 0-61 3-0 
7-0 1-0 0-52 2-6 
8-0 1-0 0-67 3°3 


* Calculated on the basis of 15-76% N and a mol. wt. of 
44,000 for egg albumin. 


2-4-3-3. molecules of suramin: molecule of egg 
albumin, and similar results were obtained with pre- 
cipitates which separated at pH 7-5 and 8-0 from 
mixtures of egg albumin and suramin prepared as 
in the above-described experiment but with 0-75m- 
sodium bicarbonate-carbonic acid instead of the 
phosphate buffer. From these results it appears that 
the combination of egg albumin with two or three 
molecules of suramin results in the formation of an 
insoluble complex. 


Combination of suramin and urease 


Suramin has a strongly inhibitory effect on urease 
at pH 5 (Wills & Wormall, 1949, 1950), and we 
decided, therefore, to study the amount of the drug 
which can be bound by the enzyme. 


Crystalline urease was prepared from jack bean meal 
as described by Sumner & Somers (1947) and dissolved in 
glass-distilled water to give a neutral solution containing 
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17-95 mg. N/100 ml. Samples (1 ml.) of this solution were 
treated with suramin (0-33 mg. dissolved in 0-1 ml. of water) 
and the mixture kept at 22° for 30 min. with occasional 
shaking. Acetone (5 ml.) was added, the mixture kept for 
3 hr. and centrifuged. The precipitate was washed three 
times with a mixture of 1 vol. water and 5 vol. acetone 
(2 ml. each time). The washed precipitate was dissolved in 
a mixture of 2N-Na,CO, plus a little 0-5N-NaOH and sura- 
min and total N estimated on samples of this solution. The 
amount of suramin present was too small for matching the 
final colour against the Tintometer disk and special 
standards of diluted hydrolysed suramin were used. 


The results showed that although only a very 
small fraction of the added suramin became attached 
to the urease, there was sufficient in the complex to 
allow an approximate estimate to be obtained. The 
result, 0:24 mg. of suramin/100 mg. of complex, 
corresponds to a suramin: urease molecular ratio of 
about 0-8 : 1, on the basis of a molecular weight of 
483,000 and 16 % nitrogen for urease, but this ratio 
should be regarded as provisional until the experi- 
ment can be repeated with a much larger amount 
of crystalline urease. Furthermore, although tests 
showed that the urease had been completely in- 
activated by the added suramin, it is possible that 
the acetone-precipitated material contained some 
free enzyme or possibly oxidized or split enzyme. 
The true suramin/urease molecular ratio might thus 
be slightly higher than the value obtained here. 


Combination of suramin and yeast 


Suramin strongly inhibits the glucose-fermenting 
power of yeast juice, but not that of the intact yeast 
cells (Wills & Wormall, 1950), and it is suggested 
that this difference is due to the inability of the drug 
to pass through the wall of the yeast cell. Support 
for this view was sought by a study of the capacity of 
the drug to combine with (a) the intact cells, and 
(b) the proteins of yeast juice. 

Brewer’s yeast was washed with water and then with 
buffer solution (0-2M-phosphate, pH 7-5 or 0-2m-acetate, 
pH 5-0). Samples (2 ml.) of a suspension of these washed 
cells in the appropriate buffer solution were treated with 
10, 20 or 50 mg. of suramin (in 5 ml. of water) and the 
mixtures kept at 24° for 1 hr. and centrifuged. Some of the 
precipitates were washed twice with 0-02M-buffer of the 
appropriate pH (6 ml. each time), and a suramin determi- 
nation was made using the whole of the solid. The centri- 
fuge tubes containing the remainder of the precipitates and 
the deposits were freed, as far as possible, from supernatant 
solution by the use of strips of filter paper, and the whole 
solids were used for suramin determinations. 


The results of these experiments show (Table 5) 
that at pH 7-5 little or no suramin passes into the 
yeast cell. The washed cells contained practically 
no suramin (0-1—0-4% of that added to the yeast- 
cell suspension). The possibility that suramin had 
entered the cell, but had subsequently been removed 
during the washing of the cells, can be excluded, for 
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the unwashed cells contained a mere 2-1—3-6 % of the 
added suramin, an amount which could be accounted 
for by the presence of a small amount (0-14—0-25 ml.) 
of supernatant solution in the unwashed cells. 


Table 5. Combination of suramin with yeast cells 


(The values given in this Table refer to amounts of suramin 
added to, or found in, the cells of 2 ml. of a suspension of 
yeast cells; the yeast suspension used for the experiment at 
pH 7-5 contained 2-6 mg. and that used for the tests at 
pH 5-0, 2-8 mg. of total N/m]. The results given are the 
averages of duplicates.) 

Amount of suramin 
(mg.) 





Found in the 


suramin-treated yeast cells 
AA casement 








Geri — eee 

Unwashed Washed* 
pH Added cells cells 
7-5 10 0-36 0-04 
20 0-50 0-04 
50 1-06 0-05 
0 10 0-75 0-35 
20 0-96 0-37 
50 2-21 0:43 


* Washed with dilute buffer solution of the appropriate 
pH. 


At pH 5-0 a small amount of suramin combined 
firmly with yeast cells, but here also this represented 
a small fraction only (0-9-3-5%) of the added 
suramin. Furthermore, the amount ‘fixed’ by the 
cells did not greatly increase with an increase in the 
suramin concentration of the solution. It would thus 
appear that the yeast-cell surface has a few protein 
and possibly other groups which can combine with 
suramin, and that combination occurs at pH 5 but 
only to a very slight extent at pH 7-5. 

In other experiments complexes were sepa- 
rated from mixtures of yeast juice and suramin by 
(a) acidification and (b) the addition of methanol 
at pH 7-4. 

Samples (1 ml.) of press juice from brewer’s yeast were 
treated with 2, 5 or 10 mg. of suramin (in 1 ml. of water) and 
0-2 m-phosphate buffer, pH 7-4 (0-5 ml.). After the mixtures 
had stood at 25° for 1 hr., the drug-protein complexes were 
precipitated from half the mixtures by adding methanol 
(10 ml.) and these precipitates were washed five times with 
methanol (6 ml. each time) and dried over CaCl,. The com- 
plexes in the remaining mixtures were precipitated by 
adding 2 n-acetic acid, and the precipitates were dissolved at 
pH 7-4 and reprecipitated a further four times; suramin and 
total N were estimated on solutions of these acid-precipi- 
tated complexes. 

The results of this experiment showed (Table 6) 
that the proteins of yeast juice combine firmly with 
suramin. Thus at pH 7-4 and when methanol was 
used to remove all loosely attached suramin, as much 
as 15% of the added suramin was present in the 
complex separated from one mixture. The complexes 
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precipitated by acid contained, as was expected, 
much more suramin than did the corresponding 
complexes precipitated by methanol at pH 7-4, and 
the amount of drug present in the former was of the 
same order as those obtained in comparable experi- 
ments with serum proteins, egg albumin, etc. The 
enzymic activity of these precipitated complexes 
from yeast juice has not yet been studied. 


Table 6. Combination of suramin with the proteins 
of yeast juice. (a) The acid-precipitated drug- 
protein complexes, and (b) the complexes precipi- 
tated by methanol at pH. 7-4 


(The experimental details are given in the text, above; 


the results recorded are the averages of duplicates and all 
are in terms of mg./ml. of yeast juice.) 


Suramin content 
of the acid- 


Suramin content 
of the complexes 


Suramin precipitated by precipitated 
added methanol complexes 
(mg.) (mg.) (mg.) 

2 0-31 1-2 
5 0-42 2-0 
10 0-46 4-1 


Inhibition of the succinic oxidase system by suramin- 
containing rabbit serum and by suramin-protein 
complexes 


After its injection into the blood stream suramin 
is rapidly ‘fixed’ by the plasma proteins and we 
decided to study the inhibiting capacity, towards the 
suramin-sensitive succinic oxidase system acting at 
PH 7-4, of (a) the plasma of rabbits injected with the 
drug, and (b) the separated drug-protein complexes. 
Since we anticipated that only those plasmas con- 
taining much suramin would show inhibitory action 


Table 7. Effect of suramin-containing rabbit serum 
or plasma on the succinic oxidase system 


(Exp. 1. A rabbit (2-8 kg.) received an intravenous in- 
jection of 2-8 ml. of a 5-6% solution of suramin in 0-9% 
NaCl (i.e. 56mg. of drug/kg.) and blood samples were 
collected from the ear not used for the injection. The serum 
was separated at once and tested for inhibitory action on 
the succinic oxidase system as described elsewhere (Wills & 
Wormall, 1950). In Exp. 2 a rabbit weighing 2-8 kg. re- 
ceived an injection of 280 mg./kg.; this rabbit died 6 min. 
later, i.e. shortly after the collection of the first sample of 


blood.) 
Time after 


injection Suramin Inhibition 
Exp. (min.) concen. (%) 
Plasma of 1 0 0 0 
injected rabbit 2 m/1000 0 
2 4* m/600 75 
Suramin solution. — > m/1000 100 
(control) _ —- m/4000 75 


* Plasma had to be used on this occasion, for this blood 
sample would not clot, owing to its high suramin content. 
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the amount of suramin injected into the rabbits was 
appreciably higher than the therapeutic dose of 
14-28 mg./kg. 

The results given in Table 7 show that even a 
plasma containing a considerable amount of suramin 
(e.g. M/1000, or 143 mg./100 ml.) may not have a 
significant immediate inhibitory effect on enzymes 
or enzyme systems which are strongly inhibited by 
the free drug. 


Inhibition of urease, and the succinic oxidase 
system by acid-hydrolysed suramin 


There is no evidence that suramin is metabolized in the 
animal body or in the trypanosome, but the possibility of 
some degradation of the molecule is not excluded. A study 
has, therefore, been made of the inhibitory action, on urease 
at pH 5-0 and on the succinic oxidase system at pH 7-4, of 
suramin which has been partially or completely hydrolysed 
by HCl at 100°. The acid hydrolysis used in the determina- 
tion of suramin involves heating at 100° for 6 hr. with a 


Table 8. Effect of acid-hydrolysed suramin 
on succinic dehydrogenase and urease 


(Samples of 4-76% suramin were heated with 1 vol. of 
10-4N-HCl for various periods in a boiling-water bath. The 
mixtures were cooled, neutralized with 6N-NaOH and 
diluted to the required concentration. Extra NaCl was 
added to the control mixture to allow for the effect of NaCl 
in the hydrolysed suramin solutions. The concentrations of 
hydrolysed suramin used in these tests were, in terms of 
suramin, M/4000 for succinic dehydrogenase and m/6000 for 
urease, and the tests were made at pH 7-4 and 5-0 re- 
spectively. The inhibitor and enzyme were in contact for 
30 min. before addition of the substrate. Full details of the 
enzyme tests are given elsewhere (Wills & Wormall, 1950).) 





Inhibition 
(%) 

Extent of Succinic : 
hydrolysis dehydrogenase Urease 
None 85 68 
Partial* (a) 83 46 

(b) 62 27 

(c) 46 23 
Completet 46 23 


* (a), (b) and (c). Hydrolysis with HCl for 20 min., 1 hr. 
and 3 hr., respectively. Suramin determinations on these 
solutions indicated that the drug had been hydrolysed to 
the extent of 16, 44 and 78% respectively. E 

+ Because, for reasons given in the text (below), it was 
necessary to hydrolyse a concentrated solution of suramin, 
complete hydrolysis was not obtained in this experiment. 
The colorimetric determination showed that the diazo- 
tizable amines produced in the mixture heated for 6 hr. 
were equivalent to an 82% hydrolysis of the drug. 


concentration of HCl which is at least 5-2N, and when 
neutralized these hydrolysed solutions contain, unless they 
are extensively diluted, sufficient NaCl to inhibit many 
enzymes. For these enzyme experiments we had, therefore, 
to start with concentrated suramin solutions, and when 
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these are heated with conc. HCl a precipitate appears after 
about 1 hr., and does not disappear during the remaining 
5 hr. hydrolysis. This probably explains why concentrated 
suramin solutions are not completely hydrolysed by acid 
hydrolysis for 6 or even 8 hr. (cf. Dewey & Wormall, 1946). 

The results of the enzyme tests showed (Table 8) 
that acid hydrolysis strongly reduces the capacity of 
suramin to inhibit urease. However, the capacity of 
hydrolysed suramin to inhibit succinic dehydro- 
genase is significantly greater than its effect on 
urease, and these results are consistent with those 
we have obtained with 1-naphthylamine-4:6:8-tri- 
sulphonic acid and other suramin analogues. Thus if 
enzyme inhibition is a factor in the trypanocidal 
action of suramin, it is probably the drug which acts 
and not the completely hydrolysed product. 


Combination of suramin with peptone, 
nucleic acids, etc. 


In one set of experiments suramin (5-15 mg. dis- 
solved in 0-5 ml. of water) was added to 5 % peptone 
solution (2 ml.) and the drug-protein complexes 
were precipitated by, and washed with, methanol as 
described in some of the experiments above. Suramin 
was estimated on the dried precipitates. 

The results showed that suramin readily combines 
with peptones, and complexes containing 13-3— 
19-2 g. of suramin/100 g. complex were obtained. 
These values are of the same order as those obtained 
in comparable experiments with egg albumin and 
serum proteins. The suramin-peptone complexes, 
like those with gelatin and unlike those with egg 
albumin and the serum proteins, are not precipitable 
by dilute acid. 

Other experiments have shown that the addition 
of suramin to solutions of nucleic acid results in the 
formation of acid-precipitable complexes containing 
considerable amounts of suramin. Commercial 
‘yeast nucleic acid’ and ‘thymus nucleic acid’ (both 
supplied by British Drug Houses) were used, and the 
complexes were precipitated by adding hydro- 
chloric acid to give maximum precipitation. These 
precipitates were dissolved at pH 7-0 and repre- 
cipitated twice. In one set of experiments up to 
25% of the added suramin was found in the com- 
plexes with yeast nucleic acid and up to 80% in the 
thymus nucleic acid-suramin complexes, and the 
complexes contained, respectively, 0-39-0-65 and 
1-2—2-4 g. of suramin/g. of non-suramin nitrogen. It 
is our intention to study further this combination of 
suramin and the nucleic acids. 


DISCUSSION 


Our investigations described here and elsewhere have 
shown that suramin combines with certain enzymes 
just as readily as it does with other proteins. As a 
result of this combination many enzymes are in- 
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activated, but some are not; indeed at pH 7-7-5 few 
enzymes are inhibited very strongly by suramin. 

The concentration of suramin in the blood of 
rabbits shortly after the injection of a normal dose of 
the drug is considerably above the minimum amount 
required completely to inhibit certain enzymes in 
tests in vitro. The plasma suramin concentration 
several days after the injection is still above the level 
required to give 50% inhibition of the enzymes 
which are most sensitive to the drug. There is also no 
doubt that a similar amount of suramin is present in 
the blood of injected men, for Hawking (1940) found 
that the average plasma concentration of patients 
injected with 1 g. of suramin was about 3 mg. after 
2 days and 0-6mg./100 ml. after 9 days; these 
amounts correspond to concentrations of m/50,000 
and m/250,000 respectively. Even these very low 
concentrations will affect some enzymes, e.g. urease 
and hexokinase, if the enzyme is relatively pure and 
if there is no appreciable amount of other protein in 
the reaction mixture. 

Other proteins strongly protect enzymes against 
suramin, and the fact that over 70 % and sometimes 
as much as 90 % of the drug in the blood of injected 
animals is firmly bound to the plasma proteins must 
be considered to militate against any theory of 
suramin action which postulates the direct inactiva- 
tion of enzymes in the trypanosome. Furthermore, 
our in vitro tests have shown that plasma containing 
a very high concentration of suramin has only a small 
fraction of the inhibitory effect on enzymes shown 
by an equivalent amount of free suramin. 

On the other hand, it is highly probable that the 
action of the drug on trypanosomes involves the 
passage of an appreciable amount of the drug into the 
trypanosome or at least combination of the drug 
with the organism. The amount of suramin entering 
the trypanosome will not be easy to measure, for the 
chemical method we have developed does not permit 
the determination of less than about 33 yg., or the 
detection of less than 5yg., of suramin. With this 
method, however, Hawking (1939) was able to show 
that a very small but significant amount of the drug 
was absorbed by living trypanosomes exposed to 
suramin in vitro, though not as much as was ab- 
sorbed by dead trypanosomes. Issekutz (1933) also 
found a small amount of suramin in the trypano- 
somes separated from the blood of infected animals 
4-9 hr. after they had been injected with large doses 
of the drug; the concentration found, 5—10-5 
‘mg. %’ as against 24-42 ‘mg. %’ in the serum at the 
same time is, however, well above the minimum 
which we have found to be inhibitory to some en- 
zymes. Thus there is evidence that suramin does 
enter the trypanosome in amounts which can be 
detected or measured when there is a relatively 
large amount of the drug in the external fluid. It 
will probably be very difficult, however, to obtain 
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evidence of this penetration or combination of drug 
and trypanosome when the plasma suramin concen- 
tration is low, e.g. several days or weeks after the 
animal has been given one normal injection of the 
drug. 

It is feasible that suramin may gradually be re- 
leased in vivo from the drug-protein complexes and 
that it may then enter the trypanosome in amounts 
which are too small to produce an immediate effect 
on the enzymes of the trypanosome, but which may 
be slightly inhibitory over a long period. An amount 
of suramin which merely gives 25 or 30 % inhibition 
for a protracted period may seriously disturb the 
metabolic balance in the trypanosome, and it is 
known that there is a prolonged latent period of 
contact of suramin and trypanosomes before the 
trypanocidal effect is manifested (see, for example, 
Janesé & Jancs6, 1934). Furthermore, it is feasible 
that the suramin-protein complex may diffuse into 
the trypanosome. Thus the fact that most of the 
plasma suramin is present as a complex with protein 
does not rule out the possibility that the drug acts by 
inhibiting some of the essential enzymes of the try- 
panosome. Experimental support of a more direct 
nature will be required, however, before such a 
theory could be justifiably advanced, and with this 
object in view we are extending our enzyme experi- 
ments to the study of the metabolic changes in living 
trypanosomes. The possibility is also being con- 
sidered that the drug might act by combining with 
some nutrient in the medium, e.g. a basic amino-acid 
or some other base, which is essential for the meta- 
bolism of the trypanosome. 

If the action of suramin is concerned with the 
inactivation of trypanosomal enzymes needed for 
carbohydrate and/or protein metabolism it would 
appear that this is not a common feature of all 
specific trypanocides. ‘Antrycide’, for example, the 
drug which has more recently been discovered and 
made available for the treatment of trypanosomiasis 
in cattle (Curd & Davey, 1949), has no inhibitory 
action on certain enzymes which are strongly in- 
hibited by suramin (Town e¢ al. 1949b). 

The cornbination of suramin with enzymes and 
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but it is also partly dependent on the size of the mole- 
cule. It is not known which protein groups are in- 
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etc., against the inhibitory action of suramin ; amino- 
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groups of proteins do not appear to be involved 
(Wilson & Wormall, 1949) and indeed we have found 
that several sulphydryl enzymes, including xanthine 
oxidase (which according to Mackworth (1948) is of 
this type) and cholinesterase, are not significantly 
inhibited by the drug at pH 7-5 or at about the 
optimum pH for the enzyme. Furthermore, neither 
cysteine nor glutathione will protect the sulphydryl 
enzymes urease and succinic dehydrogenase against 
the inhibitory action of suramin (Wills & Wormall, 
1950). With regard to the free amino groups of 
proteins, no final conclusion can yet be reached, but 
our results do not exclude the possibility of their 
interaction with the sulphonic acid groups of 
suramin. 

Our experiments with many widely differing pro- 
teins have shown that the attachment of only a few 
molecules of suramin to the protein molecule alters 
profoundly the properties of the protein and pro- 
duces a complex which is precipitated, in the case of 
most proteins but not with peptones or gelatin, when 
the solution is made slightly acid. Furthermore, it is 
often possible to obtain precipitates of these com- 
plexes merely by adding the right amount of suramin 
to a buffered neutral solution of the protein. In the 
experiments recorded in Table 4, for example, in- 
soluble complexes of suramin and egg albumin 
separated at pH 7-0 or 7-5, and these lightly washed 
complexes contained 2-4~-2-8 molecules of suramin/ 
molecule of egg albumin. 

Somewhat similar but lower ratios were obtained 
with crystalline urease, for the complex precipitated 
by acetone from a mixture of the drug and enzyme 
had a suramin/urease molecular ratio of 0-8: 1. On 
the other hand, inhibition experiments with varying 
amounts of suramin suggest that two molecules of 
the drug combine with each active centre of urease 
(Wills & Wormall, 1950), but the two phenomena, 
the formation of a sparingly soluble complex and 
enzyme inhibition, do not necessarily require the 
same number of molecules of the drug. The amount of 
suramin in these precipitated drug-enzyme com- 
plexes is very small, and the difficulty in obtaining 
relatively large amounts of crystalline enzymes has 
prevented us from making these experiments on a 
larger scale. We hope, however, to obtain more in- 
formation about these drug-enzyme molecular 
ratios with the aid of suramin containing *5S. 


SUMMARY 


1. The suramin content of the plasma of rabbits 
has been determined at intervals during the first 
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month after the intravenous injection of either 14 or 
28 mg. of suramin/kg., doses which are equivalent to 
those given to man. 

2. The injection of 28 mg./kg. plasma gave an 
initial concentration of at least M/2000 suramin, and 
a concentration of over M/5000 was maintained for at 
least 1 hr. after the injection; these concentrations 
are sufficient to effect complete inhibition in vitro of 
hexokinase, succinic dehydrogenase, urease and a 
few other enzymes. Several days later the plasma 
still contained about m/40,000 suramin, a concentra- 
tion sufficient to effect marked inhibition of some 
enzymes in vitro. 

3. Concentrations reached or maintained after the 
injection of 14mg. of suramin/kg. were approxi- 
mately half those following the injection of 28 mg./ 
kg. 

4. About 70-90 % of the suramin in the blood of 
these injected rabbits was firmly combined with the 
plasma proteins. 

5. The plasma proteins, because of their capacity 
to combine with the drug, strongly protected en- 
zymes against the inhibitory action of suramin, and 
the suramin-containing plasma had only a relatively 
slight inhibitory action on the suramin-sensitive 
enzymes. 

6. The possibility that the suramin which is 
combined with the plasma protein may gradually 
be released in the blood stream and may then 
pass into trypanosomes in amounts sufficient to 
inactivate essential enzymes of the trypanosomes, 
is discussed. 

7. The inability of suramin to inhibit fermenta- 
tion by whole yeast in contrast to its effect on 
fermentation by yeast juice is due to the inability 
of the drug to pass through the wall of the yeast 
cell. 

8. Experiments with egg albumin and urease 
suggest that the combination of one or two molecules 
of the drug with each molecule of protein may be 
sufficient to produce insoluble drug-protein com- 
plexes or to inactivate the enzyme. 

9. Suramin hydrolysed by acid has little in- 
hibitory effect on urease and only about half that of 
an equivalent amount of suramin on the succinic 
oxidase system. 
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Studies on Suramin 
9. THE ACTION OF THE DRUG ON SOME ENZYMES 
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(Received 21 December 1949) 


Evidence is available that suramin inhibits a few 
enzymes (for a review of the literature see Town, 
Wills, Wilson & Wormall, 1950). For reasons given 
in the preceding paper (Town et al. 1950) we have 
studied the action of very small amounts of the 
drug on a considerable number of enzymes under 
conditions as closely related as possible to the 
physiological. This paper is concerned mainly with 
experiments on non-proteolytic enzymes, with a 
few observations on the milk-clotting enzymes. 

The primary object of the experiments described 
here was to find out whether suramin, in amounts 
comparable with those which are sufficient to destroy 
trypanosomes in the blood and tissues of man and 
other animals, has any inhibitory effect on enzymes 
likely to be present in the trypanosome. Where 
marked enzyme inhibition occurs, a study has been 
made of the mechanism of the inhibition and the 
conditions under which the drug reacts with the 
enzyme. In view of the importance of carbohydrate 
for the nutrition of trypanosomes, special attention 
has been paid to those enzymes taking part in carbo- 
hydrate metabolism, i.e. the enzyme systems con- 
cerned with yeast fermentation and muscle meta- 
bolism. In this connexion it is of interest to note that 
Marshall (1948) has recently found that trivalent 
arsenicals and straight-chain diamidines inhibit 


certain enzyme systems concerned with carbo- 
hydrate metabolism in T’rypanosoma evansi, and he 
has shown that the breakdown of glucose by try- 
panosomes follows almost exactly the pattern of 
glucose metabolism by yeast. 


EXPERIMENTAL 
Materials 


Urease. (a) Soya bean extract. Soya bean flour (British 
Drug Houses) (1 g.) was extracted with 95 ml. of water and 
the mixture centrifuged; the clear solution was mixed with 
5 ml. of 0-2m-acetate buffer (pH 5-0) and centrifuged; 
the clear supernatant solution was used for the tests. 
(b) Crystalline jack bean urease. This was prepared as de- 
scribed by Sumner & Somers (1947); a solution containing 
9 mg. of protein/l. was used. 

Succinic oxidase, succinic dehydrogenase and cytochrome 
oxidase. The preparation of these enzyme systems from pig 
heart was carried out as described by Straub (1939) as far 
as the precipitation at pH 4-6. The precipitate was sus- 
pended in 5 vol. of 0-1 m-phosphate (pH 7-4) and 1 ml. of the 
mixture used for each test. 

Yeast juice. For different experiments baker’s yeast, 
brewer’s top yeast and brewer’s bottom yeast were used. 
After it had been well washed with water, the yeast (100 g.) 
was mixed with kieselguhr (50 g.) and washed sand (100 g.), 
and the mixture ground to a dough in a heavy mechanical 
mortar. The dough was kept at room temperature for 
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30 min. and then squeezed in a hand press. The juice con- 
tained all the factors necessary for the fermentation of 
glucose. 

Hexokinase. This enzyme was prepared from 500g. of 
yeast by using the first stage of the method of Bailey & 
Webb (1948), with precipitation by ethanol at -5° instead 
of by (NH,),SO,. The precipitate was centrifuged, dried and 
dissolved in water (5 mg./ml.) just before use. 

Choline dehydrogenase. Following the method of Mann & 
Quastel (1937), fresh rat liver (10 g.) was ground with 
sand (5 g.) and 0-2m-phosphate, pH 7-4 (30 ml.), and 
the extract strained through muslin and then centrifuged. 
The undiluted supernatant solution was used in the 
tests. 

Arginase and D-amino-acid oxidase. The extract of rat liver 
prepared as described under choline dehydrogenase was 
used as a source of these two enzymes. 

Catalase. (a) From blood. Washed red blood cells were 
haemolysed with water, and the cell debris removed by 
centrifuging; the supernatant solution, suitably diluted 
(usually corresponding to about a 250-fold dilution of the 
red cells), was used in the tests. (b) From liver. Beef liver 
was sliced and washed thoroughly to remove as much blood 
as possible. It was then ground with sand and 1 vol. of 
water. The mixture was squeezed through muslin and the 
centrifuged extract was diluted about 1000-fold. 

Amylases. Malt «- and B-amylases were prepared by a 
method based on that of Ohlsson (1926, 1930). Fresh malt 
was ground with water and the extraction allowed to con- 
tinue for 30 min. For the preparation of «-amylase the 
reaction of the crude extract was adjusted to pH 6-5 and the 
mixture was kept at 70° for 15 min. and then cooled quickly. 
(The B-amylase is destroyed by this treatment.) 

The B-amylase was prepared by adjusting the reaction of 
the crude malt extract to pH 3-3 and maintaining it at that 
point for 15 min., followed by adjustment to pH 6-0. (This 
treatment destroys nearly ali the «-amylase.) 

Xanthine oxidase. The cream of unpasteurized milk or the 
whey preparation described by Dixon & Kodama (1926) was 
used. 

Peroxidase. Minced horse-radish (40 g.) was extracted 
with water (250 ml.) at 0° overnight and the extract was 
strained through muslin. It was diluted, usually with about 
20 vol. of water, before use. 

Carbonic anhydrase. Washed sheep or ox red blood cells 
(5 ml.), water (3 ml.) and ethanol (2 ml.) were well mixed, 
and CHCl, (0-5 ml.) was then added. The mixture was 
shaken for 0-5 min., and centrifuged. The supernatant 
solution, filtered if necessary, was diluted with 4 vol. of 
water before use. 

Ascorbic acid oxidase. This was prepared from cucumber 
and cabbage as described by Johnson & Zilva (1937). 

Glyoxalase. Fresh beef liver (70g.) was minced and 
extracted with water (50 ml.) overnight at about 4°. The 
extract was squeezed through muslin and centrifuged: the 
supernatant solution was diluted 50-fold before use. 

Carboxylase (yeast). Two enzyme solutions were used in 
these tests: (a) yeast juice prepared as described above and 
then suitably diluted, and (b) a preparation made from dried 
yeast using the first stage of the method of Green, Herbert 
& Subrahmanyan (1941). 

Invertase. Dilute solutions of several commercial samples 
of invertase were used. 

Emulsin (B-glucosidase). This was prepared from dried 
defatted almond meal (Sumner & Somers, 1947). 
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Papain. A 0-5% (w/v) aqueous solution of commercial 
papain (Harrington Bros.) was used. 

Rennin. ‘Essence of Rennet’ (Benger’s) was diluted with 
9 vol. of water. 

Pepsin. ‘Liquor Pepticus’ (Allen and Hanburys) was 
diluted with 4 vol. of water. 

Trypsin. The tests employed involved the measurement 
of the milk-clotting power. Although it has a high pro- 
teolytic activity, the enzyme preparation used (Liquor 
Trypsin Co.; Allen and Hanburys) has a low clotting power, 
and it was therefore used undiluted. 

Buffer solutions. The following buffers were used: 0-2m- 
Na acetate-acetic acid (Clark and Lubs), 0-2m-phosphate 
(KH,PO, plus NaOH: Clark and Lubs), 0-2m-boric acid- 
KCl-NaOH and 1% (w/v) NaHCO, gassed with CO, to 
pH 7-4. 

Methods 


The methods used for the measurement of enzyme 
activities in the experiments described in this paper were 
mainly manometric. The details given below refer to the 
control experiments. Where suramin was added, the water 
content of the rest of the mixture was reduced by an amount 
equal to the volume of the suramin solution. The concentra- 
tion of suramin recorded in these inhibition tests is that in 
the reaction mixture just before the addition of the sub- 
strate. The enzyme-suramin mixtures (and the controls) 
were kept at the temperature at which the enzyme tests 
were made, before the addition of the substrate; the time of 
contact of suramin and enzyme before the addition of sub- 
strate ranged from 10 to 60 min. but was usually 20-30 min. 
All enzyme tests were carried out at 37° except where other- 
wise mentioned, and the mixtures were buffered; where no 
pH is specified below, the tests were carried out over a range 
of pH. 

The extent of inhibition in all the experiments described 
in this paper was calculated from the first steady rates of 
the reactions in the suramin-containing mixture and the 
control experiment. 

Urease. (a) Manometric, by the estimation of CO, 
liberated. The main compartment of the Warburg apparatus 
contained enzyme solution (1 ml.), 0-2M-acetate of pH 5-0 
unless otherwise stated (1 ml.) and water (1 ml.). The sub- 
strate was 0-25 % (w/v) urea solution (0-2 ml.). (b) Conway 
method. A mixture of urea solution (0-2 ml. of a 0-25% 
solution), the enzyme (0-5 ml.) and buffer (0-5 ml. of 0-1 m- 
phosphate of pH 7-4) was placed in the outer compartment 
of the Conway unit and 1 ml. of 1% boric acid plus mixed 
indicator in the centre compartment. The dish was kept at 
37° for a standard period (usually 15 min.) and saturated 
K,CO, solution (1 ml.) added to the outer compartment. 
After a further 1 hr. at 37° the boric acid was titrated with 
n/150 HCl. 

Succinic oxidase system. The enzyme suspension (1 ml.), 
0-1m-phosphate, pH 7-4 (1 ml.) and water (1 ml.) were 
placed in the main compartment of the Warburg flask and 
0-2 ml. of 20% (w/v) KOH in the centre cup. The reaction 
was started by the addition of 2% (w/v) Na succinate 
(0-3 ml.) from the side bulb and the enzyme action measured 
by the O, uptake. 

Succinic dehydrogenase. The method was the same as that 
for succinic oxidase, with the addition of neutralized 5% 
(w/v) KCN solution (0-1 ml.), to poison the cytochrome 
oxidase, and 0-5°% methylene-blue solution (0-3 ml.), to 
link the system directly to oxygen. 
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Cytochrome oxidase; as for succinic oxidase with 1% 
p-phenylenediamine (0-3 ml.) instead of the succinate, to 
reduce the cytochrome. The rate of re-oxidation of cyto- 
chrome by cytochrome oxidase was measured by following 
the O, uptake. 

Cholinesterase. This enzyme action was studied mano- 
metrically by following the acid production as recorded by 
the liberation of CO,. The enzyme (0-5 ml. of horse serum), 
1% NaHCO, (gassed with CO, to give pH 7-4) (0-5 ml.) and 
water (1 ml.) were placed in the main compartment, and 
0-5 % acetylcholine solution (0-4 ml.) in the side bulb of the 
Warburg flask. The gas phase was 95% N, plus 5% CO,. 

Tyrosinase. Activity was measured by following O, up- 
take at both 20° and 37°. The enzyme (1 ml. of freshly 
prepared potato juice), 0-2M-buffer (1 ml.) and water (1 ml.) 
were placed in the main part of the Warburg flask and 
the following substrates were used: (i) saturated tyrosine 
solution (0-5 ml.), (ii) 2-5% p-cresol (0-3 ml.), and (iii) 2-5 % 
catechol solution (0°3 ml.). 

Whole yeast. The fermentation of glucose (0-2 ml. of a 6% 
solution) by a mixture of a 2% suspension of baker’s yeast 
(1 ml.), 0-1 m-phosphate, pH 6-0 (1 ml.) and water(1 ml.) was 
measured by the CO, production. 

Yeast juice. The method was the same as that for whole 
yeast. The substrates used were 2-6 % solutions (0-2 ml.) of 
glucose, fructose, sucrose and maltose. 

Hexokinase. (a) Using yeast juice as the enzyme source and 
measuring the utilization of glucose. A mixture of yeast juice 
(1 ml.), 0-1m-phosphate, pH 6-0 (1 ml.) and water (1-3 ml.) 
was kept in a test tube at 37° for 15 min. Glucose (1 ml. of 
a 0-2% solution) was then added, and samples (1 ml.) were 
withdrawn from the mixture after 0, 3, 8 and 15 min. Each 
sample was quickly blown into a mixture of water (3 ml.) 
and 0-3Nn-Ba(OH), (0-75 ml.) to precipitate phosphate 
esters, and 2 min. later 5% (w/v) ZnSO, solution (0-75 ml.) 
was added to precipitate proteins (cf. Nelson, 1944). The 
mixture was centrifuged and the glucose content of 1 ml. of 
the supernatant solution was determined by the method of 
Haslewood and Strookman as described by King (1946), 
using a photoelectric colorimeter. 

(b) Using a partially purified hexokinase preparation (cf. 
Bailey & Webb, 1948). A mixture of the enzyme solution 
(0-3 ml.), prepared as described above (p. 159), bicarbonate, 
pH 7-4 (2-6 ml.), 0-1m-MgSO, (0-5 ml.) and 2% glucose 
solution (0:6 ml.) was kept at 37° for 15 min. ATP (Na salt: 
0-4 ing. pyrophosphate-P/ml.) (0-5 ml.) was then added to 
start the reaction, and samples (1 ml.) were withdrawn 
after 0, 3, 8 and 15 min. Each sample was quickly blown 
into 2n-HCl (1 ml.) and the mixture heated at 100° for 
7 min. The liberated inorganic P was then determined by 
the method of Fiske & Subbarow (1925), and the hexo- 
kinase activity was calculated from the decrease in the 
‘7 min. hydrolysable’ P compounds. 

Choline dehydrogenase. Activity was measured by the O, 
uptake of a mixture of enzyme solution (1 ml.), 0-2m- 
phosphate, pH 7-4 (1 ml.) and water (1 ml.), after the intro- 
duction of 0-033 m-choline chloride (0-4 ml.); the centre cup 
contained 20% (w/v) KOH (0-2 ml.). 

p-Amino-acid oxidase. The method used was similar to 
that described for choline dehydrogenase, but with 5% 
DL-alanine (0-3 ml.) as substrate. 

Arginase. The method of Weil & Russell (1934), involving 
the manometric estimation of urea production, was used. 
The main compartment of the Warburg flask contained 
enzyme solution (1 ml.), borate, pH 9-0 (0-3 ml.), 0-1m- 
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arginine (0-2 ml.) and water (0-7 ml.); urease solution 
(0-5 ml.) was placed in the side bulb. The manometer was 
kept at 37° for 15 min. and m-acetate buffer of pH 5-6 
(1 ml.) was then added. After the manometer had been re- 
equilibrated, the urease solution was ‘tipped in’ and the 
total CO, liberated was measured. (Buffer of pH 5-6 was 
used because urease is not inhibited by suramin at this 
pH.) 

Catalase. The enzyme solution (1 ml.), 0-2 M-phosphate or 
acetate (1 ml.) and water (1 ml.) were kept at 20° in the 
Warburg apparatus for 20 min.; 0-27 % (w/v) H,O, (0:3 ml.) 
was then added from the side bulb, and the O, liberated 
measured, 

Amylase. A mixture of enzyme solution (1 ml.), m- 
acetate (2 ml.) and water (12 ml.) was kept in a small flask 
at 37° for 20 min., and 1% starch solution (5 ml.) was then 
added. Samples (2 ml.) were withdrawn after 0, 2, 4, 6 and 
8 min. and the liberated maltose was determined by the 
Somogyi-Shaffer-Hartmann method (as described by Hawk, 
Oser & Summerson, 1947). The samples were mixed with 
water (3 ml.) and Cu reagent (5ml.), and the mixture 
heated in a boiling water bath for 15 min. and then cooled; 
5n-H,SO, (1 ml.) was added and free I, titrated with 
0-01 n-thiosulphate. 

Xanthine oxidase. Activity was measured manometrically 
by the O, uptake with acetaldehyde or xanthine as substrate 
(ef. Ball, 1939). A mixture of enzyme solution (1 ml.) or 
milk (2 ml.), 0-2m-phosphate or acetate (1 ml.) and water 
(1 ml.) was kept at 37° for 20 min. and 0-1 M-acetalde- 
hyde solution (0-4 ml.) or 0-05m-xanthine in 0-05n-NaOH 
(0-4 ml.) was then added. 

Peroxidase. The manometric method involving the 
measurement of the CO, liberated from pyrogallol (Ettori, 
1949) was used. A mixture of enzyme solution (1 ml.), 1% 
H,0, (0-2 ml.), 0-2M-acetate (1 ml.) and water (0-8 ml.) was 
kept at 37° for 20min. and 55% pyrogallol solution 
(0-3 ml.) added from the side bulb. 

Carbonic anhydrase. The enzyme solution (1 ml.), 0-2m- 
phosphate, pH 6-8 (1 ml.) and water (1 ml.) were equili- 
brated with rapid shaking in the Warburg apparatus. The 
reaction was started by the addition of 0-5m-NaHOCO, in 
0-02N-NaOH (0-3 ml.), and the CO, liberation at 20° was 
recorded every 15sec. for 1-5 min. A blank experiment 
(without enzyme) was carried out in every case. 

Ascorbic acid oxidase. A mixture of the enzyme solution 
(1 ml.), 0-2M-phosphate or acetate (1 ml.) and water (1 ml.) 
was kept at 37° for 20min. and a neutralized 1-25% 
ascorbic acid solution (0-3 ml.) was then added from the 
side bottle. The rate of O, uptake was recorded at intervals; 
a blank experiment was always made to give the rate of 
autoxidation of the ascorbic acid. 

Glyoxalase. The enzyme solution (1 ml.), 2% NaHO0,; 
(gassed with CO, to pH 7-4) (1 ml.), 0-1M-glutathione 
(0-1 ml.) and water (0-9 ml.) were kept with a gas phase of 
95% N./5% CO, at 37° for 20 min., and the reaction 
started by the addition of neutralized 3% methylglyoxal 
solution (0-2 ml.). The rate of CO, evolution was recorded. 

Yeast carboxylase. The enzyme solution (1 ml.), 0-1M- 
phosphate (1 ml.) and water (1 ml.) were kept at 37° for 
20 min., and 0-8% Na pyruvate (0-3 ml.) was then added. 
The rate of evolution of CO, was measured. 

Invertase. The enzyme solution (1 ml.), M-acetate (2 ml.) 
and water (15 ml.) were kept in a small flask at 37° for 
15 min., and 2% sucrose (2 ml.) was then added. Samples 
(2 ml.) were withdrawn after 0, 2, 4, 6 and 8 min. and 
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the reducing sugar determined by the Somogyi-Shaffer- 
Hartmann method as described for amylase. 

B-Glucosidase. The enzyme solution (1 ml.), 0-2 M-acetate 
(3 ml.) and water (4 ml.) were kept in a small flask at 37° for 
15 min., and 2% salicin (2 ml.) was then added. Samples 
(2 ml.) were taken after 0, 2, 4, 6 and 8 min. and the 
liberated glucose was determined by the Somogyi-Shaffer- 
Hartmann method as described under amylase. 

Papain, rennin, pepsin and trypsin. In the experiments 
described in this paper these enzymes were studied by the 
method of BaJjs & Hoover (1937), which involves a measure- 
ment of the milk-clotting power. A mixture of the enzyme 
solution (1 ml.), 0-2M-acetate, pH 4-8 (1 ml.) and water 
(0-5 ml.), plus 0-5 ml. of 3% cysteine hydrochloride solution 
in the case of papain, was kept at room temperature for 
10min. Milk (3 ml.) was then added, and the time required 
to give the first recognizable clotting was noted. 


RESULTS 
Inhibition of urease by suramin 


Typical results of our experiments with soya bean 
extracts are shown in Fig. 1. With m/3000 suramin, 
contact of the drug and the enzyme at pH 5-0 for 
30 min. causes almost complete loss of urease activity 
and m/15,000 suramin gives easily detectable in- 
hibition. 


120 


100 


80 


CO, output (pl.) 
a 
o 





5 10 15 20 25 
Time (min.) 


Fig. 1. Inhibition of soya bean urease by suramin at pH 5-0. 


The duration of contact of drug and enzyme before 
addition of the substrate is an important factor, and 
although the drug reacts to some extent immediately 
with enzymes, as with other proteins (Dewey & 
Wormall, 1946), maximum inhibition is usually ob- 
served when the drug-enzyme mixture is kept for 
20-60 min. before addition of the substrate. In a 
typical experiment with urease, the inhibitory effect 
of the drug increased strongly during the first 30 min. 
of contact and reached a maximum in about 60 min. 
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(Table 1). No significant increase in inhibitory 
activity occurred after the enzyme had been exposed 
to the suramin for 2 hr. 


Table 1. Influence of time of contact on the inhibitory 
action of suramin on soya bean urease 


(The enzyme was exposed to m/5000 suramin at pH 5-0 
and 37° for varying lengths of time before the addition of 
urea. For further details, see the text, p. 159.) 


Duration of contact of 
urease and suramin 


before addition of urea Inhibition 
(min.) (%) 
0 41 
15 50 
30 80 
60 93 


Inhibition of urease by suramin with varying sub- 
strate concentrations. Experiments were carried out 
to determine the effect of varying the substrate con- 
centration, and the results were examined by the 
method of Lineweaver & Burk (1934). Using a soya 
bean extract and concentrations of suramin ranging 
from m/2500 to m/5000, the results shown in Fig. 2 
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Effect of substrate concentration in inhibition of 
urease at pH 5-0. 


Fig. 2. 


were obtained. These showed that when the re- 
ciprocal of the reaction velocity (v) is plotted against 
the reciprocal of the substrate concentration (8S), all 
the curves intersect at a point on the vertical axis 
(1/V, where V is the maximum velocity). This is a 
criterion of competitive inhibition (Lineweaver & 
Burk, 1934). 

Effect of pH on the inhibitory action of suramin on 
soya bean urease. Suramin is reported to have no 
effect on urease (Quastel, 1931), but no details were 
given about the pH at which the tests were made. 
We presumed that these were made at pH 7-4, the 
pH for urease tests, and decided, therefore, to make 
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a more extensive study of the effect of pH on the 
inhibition of urease by suramin. Tests at pH 7-4, 
involving the use of the Conway unit, gave results 
which completely confirmed those of Quastel; the 
manometric method cannot be used at that pH. 
Suramin had no inhibitory effect even in concentra- 
tions as high as m/500. 

Using the manometric method for the measure- 
ment of urease activity we studied the inhibition 
over the range pH 4-8-5-3, and found that, whereas 
inhibition by m/3000 suramin was about 100% at 
pH 5-0, it was about 50% at pH 5-1, about 10% at 
pH 5-2 and zero at pH 5:3 (ef. Fig. 3). The change in 
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Fig. 3. Effect of varying pH on the inhibition of urease by 
suramin (M/3000). 


the inhibitory effect occurs very near the isoelectric 
point of urease (pH 5-0—5-1 according to Sumner & 
Hand, 1929), and this observation led us to investi- 
gate more fully the possibility that other enzymes 
would show the same phenomenon. These experi- 
ments were briefly reported earlier (Wills & Wormall, 
1949) and are described more fully by Wills (1950). 
Inhibition of crystalline urease. By the courtesy of 
Prof. J. B. Sumner we obtained a supply of jack 
bean meal of high urease activity, and from this 
material we prepared the crystalline enzyme (ef. 
Sumner & Somers, 1947). As we had expected, this 
pure urease was much more sensitive to the action of 
suramin than crude soya bean extract. For example, 
m/5,000,000 and m/30,000,000 suramin gave, re- 
spectively, 90 and 53 % inhibition of crystalline jack 
bean urease (Fig. 4). In a comparable experiment a 
concentration of M/7500 suramin was required to give 
60% inhibition of a soya bean extract. Thus the 
crystalline enzyme was about 4x 10* times as 
sensitive as was the crude preparation. 
Experiments with crystalline urease showed that 
the inhibition with suramin is dependent on pH, and 
also that the inhibitory change effected at pH 5 is not 
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reversed when the solution is neutralized. It was 
reported that with crude urease regeneration of 
activity occurred when the enzyme inactivated by 
suramin at pH 5-0 was neutralized (Wills & Wormall, 
1949), but subsequently we have been unable to 
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Fig. 4. Inhibition of crystalline urease by various suramin 
concentrations at pH 5-0. 
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Fig. 5. The effect on the reaction velocity of changing the 
inhibitor (suramin) concentration. Crystalline urease at 
pH 5-0. A, assuming n=1; B, assuming n=2. 


confirm this with either pure or crude urease. All 
enzymes inhibited by suramin in acid solution do 
not, however, behave like urease in this respect, for 
the activity of invertase which has been inactivated 
by suramin at pH 3-8 is restored when the pH is 
adjusted to 5-2. 
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By adopting the method used by Eadie (1942) for 
cholinesterase and by Cori, Cori & Green (1943) for 
phosphorylase, the data obtained in our experiments 
with crystalline urease exposed to varying amounts 
of inhibitor (suramin) were used to calculate the 
number of molecules of inhibitor which combine 
with each molecule, or rather active centre, of 
urease. By rearrangement and adaptation of the 
usual Michaelis-Menten equation, the equation 
1/v=a+bi" (where v= the initial reaction velocity, 
aand 6 are constants, 7 is the molar concentration of 
inhibitor and v7 is the molecular ratio of inhibitor to 
enzyme) can be derived (Lineweaver & Burk, 1934; 
Eadie, 1942). When the reciprocal of the velocity is 
plotted against the square of the suramin concentra- 
tion, a straight line is obtained, suggesting that 
n= 2, i.e. that two molecules of suramin are needed 
to block each active centre of urease (Fig. 5). 


Effect of suramin on fermentation by yeast 


As trypanosomes metabolize glucose with great 
avidity, we decided to study the action of suramin on 
yeast fermentation and on the various enzymes con- 
cerned with this process. 

Whole yeast. Our experiments have shown that 
suramin in concentrations as high as M/500 has no 
effect on the anaerobic fermentation of glucose by 
whole yeast (baker’s or brewer’s) or the respiration, 
at pH 6-0. Furthermore, exposure of the yeast to 
m/500 suramin for 24 hr. affects neither the ferment- 
ing nor the respiratory capacities at pH 6-0. The 
proteins of yeast juice, like those of haemolysed red 
blood cells, readily ecmbine with the drug. 

Yeast juice. Suramin strongly inhibits the fer- 
mentation of glucose by yeast juice at pH 6-0 and 7-0 
(Fig. 6), and similar inhibition occurs when fructose 
or maltose is used as substrate. Nearly all the yeast 
juice preparations used showed a steady autofer- 
mentation, presumably due to autogenous glycogen, 
and the autofermentation was likewise inhibited by 
the drug, but not as strongly as the fermentation of 
added glucose; thus m/15,000 suramin caused 42% 
inhibition of the autofermentation and 90 % inhibi- 
tion of the glucose fermentation. This difference 
suggested that one of the early stages in the utiliza- 
tion of glucose (e.g. the hexokinase action) is 
strongly inhibited by suramin. 

The extent of the inhibition obtained in these ex- 
periments with yeast juice varied with different pre- 
parations of the juice, but every preparation tested 
was sensitive to the drug. Occasionally, 100% in- 
hibition occurred with m/60,000 suramin, but a 
slightly higher concentration of the drug was usually 
necessary to give complete inhibition; 50% inhibi- 
tion was usually obtained with m/30,000 suramin, 
and occasionally with m/75,000. 

The above-described tests with yeast juice were 
carried out in the presence of phosphate buffer, and 
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replacement of this by an arsenate buffer gave inter- 
esting results (Fig. 7). The autofermentation process 
is apparently little affected by arsenate, for the in- 
hibition effected by suramin is essentially the same 
as that observed when a phosphate buffer is used, but 
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Fig. 6. The effect of various suramin concentrations on 
yeast juice fermentation of glucose in phosphate buffer 
at pH 6-0. Glucose (0-2 ml. of a 6 % solution) added at X. 
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Fig. 7. The action of suramin on yeast juice fermentation of 
glucose in arsenate buffer at pH 6-0. Glucose (0-2 ml. of a 
6% solution) added at X. 


on addition of glucose the response is quite different 
from that occurring in the comparable experiment 
with phosphate buffer. Fermentation in the control 
mixture (no suramin) slows down after addition of 
glucose and soon ceases, whereas the mixtures con- 
taining suramin are little affected, particularly those 
containing most suramin. In the mixture con- 
taining M/10,000 suramin, where the inhibition of 
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autofermentation was 90 %, the rate of fermentation 
after the addition of glucose actually became greater 
than that in the control. 

It is considered likely that the explanation of 
these results with arsenate is connected with adeno- 
sinetriphosphate (ATP) formation (cf. Meyerhof & 
Junowicz-Kocholaty, 1942; Meyerhof, 1945). In the 
presence of arsenate, ATP production is retarded, 
and when excess of glucose is added to this system all 
the available ATP is rapidly used for the formation 
of glucose-6-phosphate by the action of hexokinase ; 
lack of ATP will soon stop the fermentation. If 
suramin inhibits hexokinase, and our experiments 
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Fig. 8. The effect of the addition of ATP to yeast juice 
fermentation of glucose in arsenate buffer at pH 6-0. 
Glucose (0-2 ml. of a 6% solution) either alone or with 
0-2 ml. ATP (Na salt: 0-4 mg. pyro-P/ml.) added after 
9 min. (X). Suramin concn. m/10,000. 


described below show that this is true, the addition of 
glucose to the arsenate-containing juice will not be 
followed by increased utilization of ATP and the 
autofermentation can continue unimpaired. That 
this is the probable explanation has been confirmed 
by the results of an experiment in which extra ATP 
was added at the same time as the glucose. It was 
found (Fig. 8) that whereas the added ATP had no 
effect on the suramin-inhibited autofermentation, it 
allowed the autofermentation in the control mixture 
to continue at its normal rate for an appreciable time 
after the addition of glucose. These experiments 
with arsenate-buffered yeast fermentation strongly 
suggested, therefore, that inhibition of hexokinase is 
a very important factor in the inhibitory action of 
suramin on fermentation by yeast. 
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Effect of suramin on hexokinase 


In view of the above-mentioned results we studied 
the action of suramin on hexokinase, using a partially 
purified preparation; we have also tested a hexo- 
kinase preparation, kindly provided by Dr M. Dixon, 
with results similar to those given by our own pre- 
paration. These experiments, the results of some of 
which are given in Table 2, showed that suramin 
strongly inhibits hexokinase. Of the two methods 
used for measuring the activity of the enzyme: 
(a) the rate of utilization of ATP, and (b) the rate of 
conversion of glucose to glucose-6-phosphate, the 
latter showed aslightly greater inhibition by suramin 
than the former. 


Table 2. Inhibition of hexokinase by suramin 


Inhibition 
(%) 
Measured Measured 
Suramin by ATP by glucose 
concn. utilization utilization 
m/10,000 80 100 
m/20,000 70 80 
m/30,000 60 75 


Table 3. Comparison of the inhibitory effects of 
suramin on hexokinase and on autofermentation 
and glucose fermentation by yeast juice 


(From the results of experiments showing the inhibitory 
effect of suramin on hexokinase (Table 2) and on yeast juice 
autofermentation (Fig. 6) the expected inhibition of glucose 
fermentation can be calculated. These calculated values and 
those obtained experimentally are given below.) 


Inhibition (%) of 
— 





. 
Glucose fermentation 


Hexo- Autofer- Calculated 
Suramin kinase mentation from 
concen. (a) (b) (a) and (6) Found 
/10,000 80 70 94 100 
m/20,000 70 50 85 95 
m/30,000 60 30 60 50 


A comparison of the inhibition, by suramin, of 
autofermentation (presumably of glycogen), glucose 
fermentation and hexokinase action suggests that 
only about half the inhibitory effect of the drug on 
the total fermentation by yeast juice is due to inhibi- 
tion of hexokinase (cf. Table 3). So far we have not 
fully studied all the yeast enzymes to find which are 
sensitive to suramin, but we have observed that 
carboxylase is inhibited by the drug. For example, 
m/6000 suramin gives 70 and m/10,000 gives 25% 
inhibition of this enzyme at pH 6-0. The fairly high 
concentration of suramin required to inhibit yeast 
carboxylase, and the relatively low degree of inhibi- 
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tion suggest, however, that inhibition of carboxylase 
plays only a minor role in the inhibition of yeast 
fermentation by suramin. 


Effect of suramin on some oxidizing enzymes 


In view of the rapid oxygen uptake of trypano- 
somes, we have studied the effect of suramin on a 
variety of oxidizing enzymes ; where the manometric 
method can be used and the enzyme is active at 
pH 7-4, the tests were made at this pH. Of the 
oxidizing enzymes tested only succinic dehydro- 
genase and choline dehydrogenase are inhibited to an 
extent likely to be of pharmacological interest, i.e. 
by concentrations of the drug likely to be attained in 
the blood or inside the trypanosome (Table 4). 


Table 4. Effect of suramin on some oxidizing 


enzymes 
Suramin Inhibition 

Enzyme pH concen. (%) 
p-Amino-acid oxidase 7-4 m/500 0 
Xanthine oxidase 7-4 m/500 0 
Peroxidase 6-0 m/500 0 
Tyrosinase 6-0 m/500 0 
Catalase 7-0 mM/500 0 
Succinic oxidase system 7-4 m/4000 75 
Succinic dehydrogenase 7-4 m/4000 70 
Choline dehydrogenase 7-4 m/5000 40 
Ascorbic acid oxidase 7-4 m/1000 40 
Cytochrome oxidase 7-4 m/3000 25 


Effect of suramin on some non-oxidizing enzymes, 
at or about their optimum pH 


Tests on a variety of non-oxidizing enzymes, made 
at or about the optimum pH of each enzyme, have 
shown that the majority of enzymes are unaffected 
by suramin under these conditions (Table 5). Gly- 
oxalase is inhibited to the extent of 50% by 0-001 m- 
suramin, but the inhibition of this enzyme is very 
slight with ‘physiological’ concentrations of the 
drug. However, the milk-clotting activities of com- 
mercial papain, rennin, trypsin and pepsin are fairly 
strongly inhibited by m/6000—m/10,000 suramin at 
pH 4-8 (Table 6). This inhibition may be related to 
the inhibition of the proteolytic action of trypsin at 
pH 8-9 (Town & Wormall, 1949), or it may be con- 
nected with a reaction between the drug and the 
substrate. It is also important to remember that 
suramin is a powerful inhibitor of blood clotting. 


The specificity of enzyme inhibition with suramin 


In order to obtain more information about the 
specificity of this inhibition, a study was made of the 
effect of suramin on each of three enzymes or enzyme 
systems present in an aqueous extract of rat liver. 
It was found (Table 7) that the drug strongly in- 
hibited the choline dehydrogenase (at pH 7-4), but 
had no detectable effect on the D-amino-acid oxidase 
(at pH 7-4) or arginase (at pH 8-9) in the extract. 
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Table 5. Some enzymes not inhibited by m/500 
suramin at or near their optimum pH’s 


Enzyme pH 
B-Glucosidase 5-5 
Invertase 4-8 
Carbonic anhydrase 6-8 
Liver esterase 6-8 
Cholinesterase 7-4 
Arginase 8 
a-Amylase (malt) 5- 
Urease 


p-Amino-acid oxidase 
Xanthine oxidase 
Peroxidase 

Catalase 

Tyrosinase 


sh ea els 
Hm He He Or © 


= 


7-0 
6-0 


Table 6. Inhibition of milk-clotting 
enzymes by suramin 


(All the tests were made at pH 4-8.) 


Suramin Inhibition 
Enzyme conen. (%) 
Papain m/5000 67 
m/10,000 43 
Rennin m/3000 87 
m/10,000 50 
Trypsin m/3000 65 
m/6000 45 
Pepsin m/3000 75 
m/6000 60 


Table 7. Specificity of enzyme inhibition by suramin, 
as shown by the effect of the drug on different 
enzymes in a rat-liver preparation 


Suramin Inhibition 
Enzyme pH concen. (%) 
Choline dehydrogenase 7-4 m/5000 40 
p-Amino-acid oxidase 7-4 m/500 0 
Arginase 8-9 m/500 0 


Effect of some suramin analogues on urease 
and the succinic oxidase system 


The inhibitory effect of some suramin analogues 
has been tested with urease and the succinic oxidase 
system, enzymes which are very sensitive to the 
action of suramin. Some typical results of these 
tests with compounds containing sulphonic acid 
groups are given in Table 8 and with those not con- 
taining sulphonic acid groups in Table 9. 

The two enzyme systems studied show consider- 
able differences in their sensitivity to these suramin 
analogues. Slight changes in the suramin structure 
do not appreciably reduce the ability of the com- 
pound to inhibit the two enzymes, but a marked 
reduction in the size of the molecule reduces very 
considerably the inhibitory effect towards urease 
but not towards the succinic oxidase system. 

From astudy of the results with urease, the follow- 
ing conclusions have been reached: (i) The sulphonic 
acid groups are essential for urease inhibition by 
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compounds which are structurally related to sura- capacity. (v) The capacity to inhibit urease is not 
min. (ii) The methyl groups of suramin are not a common property of all substituted ureas of the 
essential for this inhibition. (iii) Suramin analogues suramin type. The action of suramin in inhibiting the 
containing the intact end groups of suramin, but succinic oxidase system is apparently quite different 





Table 8. Effect, on urease and the succinic oxidase system, of some suramin analogues 
containing sulphonic acid groups 


(The results given are those with the following concentrations of the compound tested. Urease, m/5000; succinic oxidase, 
(a) m/4000; (b) m/1000. The urease tests were made at pH 5-0, and the succinic oxidase tests at pH 7-4.) 


Inhibition (%) of 
aaa 
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Formula of compound (X =SO,Na) Name of compound Urease (a) (b) 
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having fewer benzene rings in the molecule, are from that on urease, though here also the sulphonic 


appreciably less inhibitory than is suramin. (iv) A acid groups appear to be essential. The spatial 
slight alteration in the molecule involving the arrangement and the size of the molecule do not, 


replacement of —NH—CO— by —NH—SO,— however, seem to be so important in the inhibition of 
does not necessarily reduce the enzyme-inhibiting the succinic oxidase system. 
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Table 9. Effect, on urease and the succinic oxidase system, of some suramin analogues 
not containing sulphonic acid groups 


(Experimental details as in Table 8, except that the tests with urease were made with m/3000 solutions of the com- 


pounds studied.) 


Compound 
HOOC CH; NH— 
co 
NH—CO 
2 
HOOC CH3 NH 
NH—CO 
Ci(CHy)3 N 
“Ong reQ } 
NH—-C of 
CK(CHg)s N 


NH— 


Protection of enzymes against inhibition by suramin 

Under certain conditions proteins, by competing 
with the enzyme for the added drug, protect en- 
zymes such as urease and succinic dehydrogenase 
against the inhibiting effect of suramin. Urease, for 
example, is protected at pH 5-0 by the serum proteins 
and by egg albumin (Table 10). At pH 7-4, however, 
the succinic oxidase system is not protected by egg 
albumin though it is protected by the serum pro- 
teins. The protective effect of proteins may depend 
on the pH of the medium in relation to the isoelectric 
point of the protein (pH 4-8 for egg albumin and 
about or slightly above pH 7-0 for serum y-globulin). 
The non-enzymic protein in a crude enzyme prepara- 
tion likewise reduces the sensitivity of an enzyme, as 
is shown by the fact that crystalline urease is about 
4000 times as sensitive as is a crude preparation of 
theenzyme. Protection is also given by alarge excess 
of urea, for the inhibition of urease by suramin is 
apparently competitive. 

We have also studied the effect of adding certain 
thiol compounds, for both urease and succinic de- 
hydrogenase are SH-enzymes. Tests were also made 


Inhibition (%) of 








Seal iti 
Succinic oxidase 

, epee 
Urease (a) (5) 
20 0 0 

0 pe = 

7 0 65 


Lilt 


2 
with arginine, histidine and lysine, to see whether 
these basic amino-acids would reduce the inhibition 
by combining with the sulphonic acid groups of 
suramin. The results of these experiments showed 
that no protection of urease at pH 5-0 is given 
by cysteine (0-01M) or arginine (0-01M), and that 
0-01m-cysteine, glutathione, arginine, histidine and 
lysine do not protect the succinic oxidase system 
against the inhibitory effect of m/3000 suramin at 
pH 7-4. It thus appears unlikely that the inhibition 
of these two enzymes by suramin is due to the com- 
bination of the drug with essential SH groups of the 
enzyme molecule or simply to the inactivation of an 
essential basic group in the active centre of the 
enzyme. 


Influence of pH on the inhibition of enzymes by 
suramin and a method for the determination of iso- 
electric points of some enzymes 
Although most enzymes are not significantly in- 

hibited by suramin at or about their optimum pH, 

many of them behave like urease in being strongly 
inhibited at a lower pH. All the enzymes included in 
the list in Table 5 could not be tested over a suitable 
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pH range, for some are inactive in acid solution, but 
of those tested tyrosinase, the catalases, the amy- 
lases, peroxidase, carbonic anhydrase, invertase and 
B-glucosidase behave like urease; they are strongly 
inhibited by suramin in acid solution and they all 
give inhibition-pH curves of the same type as that 
given by urease (Fig. 3). Curves of similar nature 
were obtained by Quastel & Yates (1936) in experi- 
ments with invertase and several acid dyes. 


Table 10. Effect of proteins in protecting urease and 
succinic dehydrogenase against the inhibitory action 
of suramin 


(Varying amounts of rabbit serum (RS) or a solution of 
crystalline egg albumin (EA) were added to suramin solu- 
tions and the mixtures allowed to stand for 5-10 min. before 
addition of the enzyme. The enzyme tests were made at 
pH 5-0 for urease and 7-4 for the succinic oxidase system. 
The egg albumin solution had an inhibitory effect on both 
enzymes, but not sufficient to interfere with the tests.) 


Inhibition of 


Added o—_-_ a 

protein Succinic 
Suramin (% conen. in Urease oxidase system 
conen. final mixture) (%) (%) 
m/3000 0 80 87 

0-42 EA 40 76 

1-05 EA — 95 

2-1 EA 87 
m/6000 0 50 72 

0-42 EA 31 72 

2-1 EA --- 55 
m/3000 0 80 87 

0-36 RS —_ 68 

0-55 RS 33 — 

0-91 RS —- 50 
m/6000 0 50 72 

0-36 RS — 54 

0-55 RS 6 _ 

0-91 RS — 20 


Qur experience of these inhibition experiments 
with suramin suggests that, where an enzyme is 
inhibited by suramin in acid solution and not at apH 
which is on the alkaline side of the isoelectric point of 
the enzyme, a sharp drop in the inhibition-pH curve 
enables one to establish the isoelectric point. The 
method is quite simple and it does not require a pure 
preparation of theenzyme. Our crude and crystalline 
ureases, for example, gave the same isoelectric point 
by this method, and we have also found that the 
addition of a relatively large amount of ‘foreign’ 
protein, e.g. serum proteins or egg albumin, to an 
enzyme has no detectable effect on the inhibition-pH 
curve in the presence of suramin. The use of this 
method for the determination of isoelectric points of 
some enzymes has been briefly reported (Wills & 
Wormall, 1949, 1950) and full experimental details 
are given elsewhere (Wills, 1950). 
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DISCUSSION 


The results of our investigations on enzyme inhibi- 
tion by suramin suggest that the enzymes we have 
studied can be divided into two main groups as 
follows: Group A. This includes the enzymes which, 
like urease, invertase, peroxidase and catalase, are 
not inhibited at about pH 7, but are inhibited on the 
acid side of their isoelectric points. Group B. This 
includes enzymes which are strongly inhibited by the 
drug in neutral solution; hexokinase, carboxylase, 
succinic dehydrogenase and choline dehydrogenase 
are of this type. In these cases the inhibition is 
largely independent of the pH of the medium. The 
two types of inhibition appear to show considerable 
differences and it is believed that two different 
mechanisms are involved. 

We have studied the inhibition of urease more ex- 
tensively than that of any other enzyme, and urease 
may be taken to be typical of our group A enzymes. 
For various reasons it seems likely that suramin does 
not combine directly with the active centre of the 
enzyme and we suggest that the inactivation in- 
volves the combination or association of the two 
naphthylaminetrisulphonic acid groups of suramin 
with basic groups of urease lying near and perhaps on 
opposite sides of the active centre. The resulting 
combination will form a bridge with the large 
suramin molecule protecting the active centre of the 
enzyme, as shown diagrammatically in Fig. 9. 


Alkaline 


J Suramin \ 
{ ? 


H.N NH, 


Enzyme 


Isoelectric 


Acid 


Suramin 
Oy iL \® 


+ 
H;N NH; 


Enzyme 


Fig. 9. Schematic illustration of the possible mode of action 
of suramin on enzymes classified in group A. C, active 
centre or centres of the enzymes; S, substrate molecule. 


The experimental evidence which supports the 
theory of a ‘bridging’ mechanism to explain the 
inhibition of group A enzymes by suramin, rather 
than a direct action of the drug on the enzyme active 
centres, may be summarized as follows: (i) The effect 
of a slight change of pH near the isoelectric point of 
the enzyme has a profound effect on the degree 
of inhibition caused by suramin, for example, the 
inhibition of urease by M/3000 suramin is 100, 50 and 
10% at pH’s 5-0, 5-1 and 5-2, respectively. In the 
absence of suramin this change of pH has little effect 
on the activity of the enzyme and the properties of 
the active centre are apparently not appreciably 
altered by change of pH from 5-0 to 5-2. A change in 
the capacity of basic groups to combine with naph- 
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thylaminetrisulphonic acid groups, as a result of 
this change of hydrogen-ion concentration, can more 
readily be envisaged. (ii) The inhibition is not due 
solely to the sulphonic acid groups of suramin, but it 
also depends to a very considerable extent on the 
size of the molecule. Our tests with suramin ana- 
logues have shown that a reduction in the length of 
the chain between the two naphthylaminetrisul- 
phonic acid groups appreciably reduces the capacity 
of the molecule to inhibit urease. The sulphonic acid 
groups are essential for this type of inhibition, but 
if this were the only factor concerned, i.e. if this 
group combined with the active centre of urease, we 
should expect many of the suramin analogues to be 
much more powerful inhibitors of urease than they 
were found to be by actual experiment. From the 
results obtained with urease and other enzymes and 
from our general study of the combination of sura- 
min with proteins, we believe that the shape of the 
suramin molecule is such that one molecule readily 
combines with two basic groups of certain protein 
molecules in such a way as to form a relatively stable 
complex. When this ‘bridge’ covers the active 
centre of an enzyme, the enzymic activity will be 
inhibited, but inhibition of this type will only 
occur on the acid side of the isoelectric point of the 
enzyme. 

With the enzymes of group B there is not the same 
dependence on pH, and the enzyme may even be 
strongly inhibited on the alkaline side of its iso- 
electric point. It is not possible to obtain reliable 
values for the isoelectric points of all the enzymes of 
this group, but in the case of hexokinase and carb- 
oxylase there is definite inhibition by suramin at 
pH 7-4 and 6-0 respectively, whereas the generally 
accepted isoelectric points for these two enzymes are 
4-5-4-8 and 5-1 respectively. 

Inhibition of group B enzymes by suramin thus 
appears to be due to a mechanism quite different 
from that suggested for urease and other enzymes of 
group A. With the group B enzymes our evidence 
suggests that suramin combines with the active 
centre of the enzyme. The spatial configuration of 
the inhibitor will be of importance in inhibition of 
this type, but the prime factor will be the presence 
of a group which can react with the enzyme active 
centre. The results of our tests with the various 
analogues of suramin are certainly consistent with 
this view. Succinic dehydrogenase is inhibited fairly 
strongly by many sulphonic acid-containing suramin 
analogues which have only a slight inhibitory effect 
on urease, and also the size of the inhibitor molecule 
does not appear to be critical; for example, 1-naph- 
thylamine-4:6:8-trisulphonic acid strongly inhibits 
succinic oxidase (Table 8) and so do some other 
suramin analogues which have no appreciable effect 
on urease (Table 9). 

Inhibition by suramin of the activity of enzymes of 
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group B is, of course, most interesting from the 
pharmacological viewpoint, for this inhibition is 
effective at pH 7-5. Marked inhibition of these 
enzymes can be demonstrated with very low con- 
centrations of suramin: e.g. M/30,000 gives 75% 
inhibition of hexokinase and m/4000 gives 75% 
inhibition of succinic dehydrogenase. 

Since many enzymes are inhibited by suramin only 
on the acid side of the isoelectric point of the enzyme 
and since the inhibition-pH curve in these cases 
usually falls sharply at about the isoelectric point, 
we have studied the possible use of this phenomenon 
for the determination of enzyme isoelectric points. 
Where the method is applicable the inhibition 
usually falls sharply from 100 to less than 10 % over 
a range of about 0-2—0-3 of a pH unit, and the middle 
of this range is taken to be the isoelectric point of the 
enzyme; where data are available for the pure 
enzymes the values we have obtained by this method 
are in remarkably good agreement with the recorded 
isoelectric points. 


SUMMARY 


1. Suramin strongly inhibits urease at pH 5-0. 
m/3000 suramin completely inactivates this enzyme 
in soya bean extracts, and m/30,000,000 suramin 
strongly inhibits the crystalline jack bean enzyme. 
This inhibition appears to be competitive. Suramin 
does not inhibit urease at pH 5-3 or at higher 
pH’s. 

2. The fermentation of glucose by yeast juice, 
but not that by whole yeast, is strongly inhibited by 
M/15,000 and occasionally by m/60,000 suramin. 
About half the inhibitory effect of suramin on fer- 
mentation by yeast juice is due to inhibition of 
hexokinase. This enzyme is strongly inhibited by 
m/30,000 suramin at pH 6-0 or 7-5. 

3. Suramin is not a general enzyme poison and 
most of the non-proteolytic enzymes we have tested 
are unaffected by the drug at pH 7-5 or at the opti- 
mum pH of the enzyme concerned. Of the oxidizing 
enzymes tested only the succinic oxidase system, 
succinic dehydrogenase and choline dehydrogenase 
are inhibited by concentrations of suramin equal to 
those found in the blood after the usual therapeutic 
doses. 

4. Where enzyme inhibition by suramin occurs it 
is quite specific and the addition of the drug to a rat- 
liver extract inhibits choline dehydrogenase, but not 
D-amino-acid oxidase or arginase. 

5. Other proteins strongly protect urease and 
other enzymes against the action of suramin, but 
no protection is afforded by basic amino-acids or by 
thiol compounds. 

6. Tests with suramin and some suramin ana- 
logues suggest that inhibition of succinic oxidase 
may be due to direct combination of the inhibitor 
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with the active centre of the enzyme, but in the case 
of urease the suramin appears to act by ‘bridging’ 
across the active centre. In both cases the sulphonic 
acid groups of suramin are concerned with the re- 
action with the enzyme. 

7. Many enzymes are, like urease, inhibited by 
suramin in acid solution but not in neutral or alkaline 
solution. In these cases the inhibition-pH curve 
usually falls sharply at about the isoelectric point of 
the enzyme. 
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Exposure to certain intermediates used in the manu- 
facture of dyestuffs has long been recognized as a 
factor in the production of bladder tumours in 
workers in the industry. Among the various com- 
pounds used in the synthesis of dyestuffs, only 2- 
naphthylamine appears to have been shown experi- 
mentally to give rise to tumours located predomi- 
nantly in the bladder. The first well established 
experimental demonstration of this carcinogenic 
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action of 2-naphthylamine was that of Hueper, 
Wiley & Wolfe (1938), who obtained papillomas and 
carcinomas of the bladder in thirteen out of sixteen 
female dogs which had received commercial 2- 
naphthylamine by subcutaneous injection and oral 
administration for a period of 20-26 months. Later, 
Bonser (1943) described the production of bladder 
tumours in dogs following prolonged oral administra- 
tion of purified 2-naphthylamine. The fact that the 
tumours to which this amine gives rise in man and in 
experimental animals occur almost exclusively in the 
bladder has led to the suggestion that the carcino- 
genic agent is excreted in the urine and that it is 
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either 2-naphthylamine itself or a metabolite of this 
compound. Because of this possibility, considerable 
interest attaches to the nature of the excretory 
products to which 2-naphthylamine gives rise. 

Kuchenbecker (1920), on the basis of qualitative 
tests, reported that in dogs 2-naphthylamine is 
excreted in the urine unchanged. Engel (1920, 1924) 
stated that only traces of the unchanged compound 
are excreted in the urine of dogs dosed with 2- 
naphthylamine, and considered that oxidation of 
the compound to 2-amino-l-naphthol takes place 
followed by conjugation of this compound with 
sulphuric acid and glucuronic acid. The metabolic 
formation of the sulphuric acid derivative was 
established by Wiley (1938), who isolated 2-amino-1- 
naphthylsulphuric acid from the urine of dogs to 
which he had given 2-naphthylamine by mouth. 

A study of the metabolism of 2-naphthylamine 
was made by Dobriner, Hofmann & Rhoads (1941), 
who administered a solution of the compound to rats, 
rabbits and monkeys by subcutaneous injection. 
From the urine of all three species they isolated 
2-naphthylamine, 2-acetamidonaphthalene, and 2- 
acetamido-6-hydroxynaphthalene. By spectroscopic 
methods they obtained evidence which led them to 
suggest that the urine contained free 2-amino-6- 
hydroxynaphthalene and that this compound or its 
acetyl derivative or both compounds were excreted 
in part in conjugation with sulphuric acid and glucu- 
ronic acid. As aresult of these various investigations 
it appeared, therefore, that in the dog oxidation of 
Z-naphthylamine takes place in the 1-position, 
whereas in the rat, rabbit and monkey this amine is 
oxidized in the 6-position. 

In the present work the metabolism of 2-naph- 
thylamine was studied in the rat following admin- 
istration of the amine by subcutaneous injection or 
by stomach tube. 2-Amino-1-naphthylsulphuric 
acid was isolated from the urine of the dosed animals, 
and it was thus established that formation of this 
compound from 2-naphthylamine takes place in the 
rat as well as in the dog. In confirmation of the work 
of Dobriner et al. (1941) it was found that the admin- 
istration of 2-naphthylamine to rats by subcutaneous 
injection is followed by the excretion of 2-naphthyl- 
amine and 2-acetamido-6-hydroxynaphthalene in 
the urine. These compounds were also isolated from 
the urine of rats following the administration of 2- 
naphthylamine by stomach tube. Traces of a com- 
pound which appeared to be 2-acetamidonaphtha- 
lene were separated from the ether extract of the urine 
of the dosed animals, but the amounts obtained were 
insufficient to permit identification with certainty. 

The fact that 2-naphthylamine gives rise to forma- 
tion of 2-acetamido-6-hydroxynaphthalene in the 
rat led to a study being made of the metabolism of 
2-acetamidonaphthalene. This compound was ad- 
ministered to rats by subcutaneous injection and by 
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mouth, and 2-acetamido-6-hydroxynaphthalene was 
isolated from the urine of the dosed animals. The 
possible significance of this finding in relation to the 
metabolism of 2-naphthylamine is discussed later. 


THE METABOLISM OF 2-NAPHTHYLAMINE 


Groups of white rats consisting of equal numbers of male 
and female animals weighing between 200 and 300 g. were 
used in the experiments. The rats were kept in metabolism 
cages which permitted the separate collection of urine and 
faeces. They were fed in separate cages for two 1 hr. periods 
each day and received a diet of Master Fox Breeding Ration 
(Toronto Elevators Ltd.) supplemented with fresh milk and 
brown bread. Water was available to the animals while they 
were in the metabolism cages. 

The 2-naphthylamine was administered by stomach tube 
or by subcutaneous injection. A group of twelve rats was 
used in each experiment in which the compound was given 
by stomach tube and each rat received daily on 4 successive 
days 1-0 ml. of a 1% starch solution containing 0-1 g. of 
2-naphthylamine. The total amount of 2-naphthylamine 
administered in each experiment was 4-8 g. When the com- 
pound was given by subcutaneous injection each rat in a 
group of twenty-four animals received on each of 2 successive 
days 0-5 ml. of a 5% (w/v) solution of 2-naphthylamine in 
olive oil. The total amount of 2-naphthylamine given by 
subcutaneous injection in each experiment was 1-2 g. In all 
experiments the urine was collected from the time the 
animals were given the first dose of the compound until 
2 days after the last dose. The urine was collected daily and 
stored in the refrigerator. As a measure of protection 
against the oxidation of the urinary constituents, about 
0-1 g. of sodium dithionite (Na,S,0,) was placed in the 
urine collection vessel of each metabolism cage at the 
beginning of each daily collection period. 

Extraction of the urine. The urine (pH 6-7) in each experi- 
ment was extracted with 250 ml. of peroxide-free ether in a 
continuous extractor for a total of 30 hr. The ether extract 
was shaken with small portions of N-HCl and then with 
distilled water. The acid and aqueous extracts were com- 
bined and dissolved ether was removed under reduced 
pressure (‘acid extract of the ether extract of the urine’). 
The ether extract was next shaken with small portions of 
n-NaOH and then with distilled water. The alkaline and 
aqueous extracts were combined and the dissolved ether 
was removed under reduced pressure (‘alkali extract of the 
ether extract of the urine’). The ether extract, after being 
treated in the manner just described, was evaporated to 
dryness under reduced pressure. 

The urine, after ether extraction, was treated as follows. 
Dissolved ether was removed under reduced pressure and 
the urine was brought to pH 2 by the addition of cone. HCl. 
It was then shaken with one 200 ml. portion and five 100 ml. 
portions of n-butanol saturated with water. The emulsions 
which formed were broken by centrifuging. The butanol 
extracts were combined, and a slight excess of NH, was 
added (‘butanol extract of the acidified urine’). In an 
experiment in this laboratory in which **S (as Na,SO,) was 
injected intraperitoneally into rats at the same time as they 
were dosed with 2-naphthylamine by subcutaneous in- 
jection it was found that butanol extraction of the urine 
under the above conditions removed almost all the *S 
present as ethereal sulphate (Laidlaw, 1947). 





Isolation of 2-naphthylamine 





The acid extract of the ether extract of the urine was 
made alkaline by the addition of NaOH solution and left 
in the refrigerator overnight. The deep-purple precipitate 
which formed was filtered, washed with water, and dried 
over P,O, in vacuo. The dried product was sublimed under 
reduced pressure and yielded a crystalline sublimate, m.p. 
110-111°, mixed m.p. with 2-naphthylamine 110-111° 
(these and other m.p.’s reported herein are uncorrected 
unless otherwise stated). (Found: C, 83-6; H, 6-3. Cale. 
for C,,H,N: C, 83-9; H, 6-3%.) 

Some of the compound isolated from urine (0-050 g.) was 
dissolved in 2 ml. of dry pyridine and 0-1 ml. of acetic 
anhydride was added. The mixture was refluxed for 15 min., 
poured into 10 ml. of ice water, stirred well, and left in the 
refrigerator overnight. The precipitate which formed was 
filtered and washed first with dilute HCl and then with 
water. The product was dried over P.O; and was then sub- 
limed under reduced pressure. A crystalline sublimate 
weighing 0-032 g. was obtained, m.p. 131—-132°, mixed m.p. 
with 2-acetamidonaphthalene 131-132°. (Found: C, 77-7; 
H, 5-9. Calc. for C,,H,,ON: C, 77-8; H, 6-0%.) 

When the rats were dosed with 2-naphthylamine by 
stomach tube the amounts of the amine isolated from the 
urine were 0-134 and 0-220 g., i.e. 2-8 and 4-6 %, respectively, 
of the 2-naphthylamine administered. In experiments in 
which the amine was injected subcutaneously into rats the 
amounts isolated weighed 0-078, 0-068 and 0-051 g., and 
these corresponded to 6:5, 5-7 and 4-3 %, respectively, of the 
2-naphthylamine injected. 


Isolation of 2-acetamido-6-hydroxynaphthalene 


The alkali extract of the ether extract of the urine was 
acidified with conc. HCl and left in the refrigerator over- 
night. The precipitate which formed was filtered and washed 
with distilled water. The solid material, which was a dark 
brown colour, was dissolved in 95% ethanol. The solution 
was filtered and the filtrate was heated with charcoal. After 
removal of the charcoal, the solution was evaporated to a 
small volume and hot water was added to the warm ethanol 
solution until it became cloudy. The solution, after being 
allowed to cool, was placed in the refrigerator overnight and 
colourless needie-shaped crystals separated. These were 
collected by filtration and dried, m.p. 217-218°. (Found: 
C, 71-5; H, 5-1. Cale. for C,,H,,O,N: C, 71-6; H, 5-5%.) 

The compound was insoluble in acid and soluble in alkali. 
When diazobenzenesulphonic acid was added to an alkaline 
solution of the compound a deep red colour was produced. 
The compound gave a positive diazo test for the presence of 
an amino group only after it had been hydrolysed by 
heating with acid. The properties and analysis of the 
compound suggested that it was 2-acetamido-6-hydroxy- 
naphthalene, a derivative which had been isolated by 
Dobriner et al. (1941) from the urine of rats, rabbits and 
monkeys which had received 2-naphthylamine by sub- 
cutaneous injection. 

Some of the compound isolated from urine was converted 
to its methoxy derivative in the following manner. The 
compound (0-050 g.) was dissolved in 5-0 ml. of 20% (w/v) 
NaOH solution and while the solution was being warmed 
and stirred, 1-0 ml. of dimethyl sulphate was added in small 
portions. When all the dimethyl sulphate had been added 
the solution was warmed on a steam bath for 30 min. It was 
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then placed in the refrigerator overnight and the precipitate 
which formed was filtered and washed with water. The 
product was crystallized from aqueous ethanol, filtered and 
dried; yield 0-033 g. (Found: C, 72-6; H, 6-1. Cale. for 
C,3H,;0,.N: C, 72-5; H, 6-1%.) The methoxy derivative 
melted at 160-161°; Windaus (1924) reported 159-160° for 
the melting point of 2-acetamido-6-methoxynaphthalene. 
From the findings which have been described it was con- 
cluded that the compound isolated from the alkaline extract 
of the ether extract of the urine was 2-acetamido-6-hydroxy- 
naphthalene. The amount of the compound isolated in 
an experiment in which 2-naphthylamine was given by 
stomach tube was 0-071 g., and this corresponded to 1-:1% 
of the 2-naphthylamine administered. The combined 
alkaline extracts from four experiments in which 2-naph- 
thylamine was given by subcutaneous injection yielded 
0-136 g. of 2-acetamido-6-hydroxynaphthalene. This corre- 
sponded to 2:0% of the 2-naphthylamine injected. 


Isolation of 2-amino-1-naphthylsulphuric acid 


The butanol extract of the acidified urine was evaporated 
to dryness under reduced pressure at a temperature which 
did not exceed 45° (as described earlier, a slight excess of 
NH, had been added to this extract). The dry residue was 
taken up in small portions of a mixture of 90 vol. ethanol 
and 10 vol. cone. HCl and the acid-ethanol solution (total 
vol. 65 ml.) was left in the refrigerator for several hours. 
The light-purple coloured precipitate which formed was 
filtered and washed with 2 ml. portions of the acid-ethanol 
solution until colourless washings were obtained. The pro- 
duct was dried in vacuo over P,O; and dissolved in n-NaOH. 
The solution was filtered and the filtrate was acidified with 
conc. HCl. The precipitate which formed was filtered, 
washed well with water, and was then dissolved in boiling 
water. The solution was heated with charcoal and filtered, 
and the filtrate was left in the refrigerator overnight. A 
pale pink coloured precipitate formed which was filtered 
and dried over P,O; in vacuo. The product darkened at 215° 


(corr.) of the 2-amino-1-naphthylsulphuric acid isolated by 
Wiley (1938) from the urine of dogs dosed with 2-naphthyl- 
amine was 224°, (Found: C, 50-4; H, 3-8; S, 13-7. Cale. for 
C,)H,O,NS: C, 50-2; H, 3-8; S, 13-4%.) A hot aqueous 
solution of the compound gave no precipitate with BaCl, 
solution, but after hydrolysis of the compound with HCl 
a white precipitate formed on the addition of BaCl, solution. 

Some of the compound (0-300 g.) was refluxed with 20 ml. 
of 5n-HCl for 6 hr. A small amount of charcoal was added 
to the hot solution and the mixture was filtered while hot. 
The filtrate was evaporated under reduced pressure to 5 ml. 
and chilled in a freezing mixture. The crystalline precipitate 
which formed was filtered and dried over P,O; in vacuo; 
yield 0-196 g.; m.p. 252-253° (decomp.). (Found: C, 61:6; 
H, 5-0. Cale. for C,gH,,ONCI: C, 61-4; H, 5-2%.) A portion 
of the hydrolysis product (0-052 g.) was dissolved in 2 ml. of 
pyridine, 0-1 ml. of acetic anhydride was added, and the 
mixture was refluxed for 20min. The hot solution was 
poured into 10 ml. of ice water, the mixture was stirred 
until crystallization started and was then left in the re- 
frigerator overnight. The crystalline product was filtered, 
washed with dilute HCl and with water, and recrystallized 
from aqueous ethanol. The product, which weighed 
0-017 g., was soluble in alkali and insoluble in acid, and an 
alkaline solution gave a red colour with diazobenzene- 
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sulphonic acid. The melting point of the compound was 
127-128°; the melting point of 2-acetamido-1-hydroxy- 
naphthalene is 128—129° (Grandmougin, 1906). 

On the basis of these findings it is concluded that the 
compound isolated from urine was 2-amino-1l-naphthyl- 
sulphuric acid. The amount of the compound obtained from 
the urine of rats dosed with 2-naphthylamine by stomach 
tube was 0-429 g., and this was equivalent to 5-3 % of the 
compound administered. In two experiments in which the 
amine was injected subcutaneously the amounts of the 
H,SO, derivative isolated from the urine were 0-145 and 
0-102 g., and these corresponded to 7-2 and 5-1%, re- 
spectively, of the compound administered. 


THE METABOLISM OF 
2-ACETAMIDONAPHTHALENE 


2-Acetamidonaphthalene was administered to rats by 
stomach tube and by subcutaneous injection. The general 
experimental conditions were similar to those which have 
already been described for the experiments in which 
2-naphthylamine was administered to rats. When 2- 
acetamidonaphthalene was given by stomach tube each rat 
in a group of twelve received, on each of 4 consecutive days, 
1 ml. of a 1% starch solution containing 0-1 g. of the com- 
pound. When the compound was injected subcutaneously, 
each animal in a group of twelve received daily on 4 con- 
secutive days 1 ml. of a 10% solution (w/v) of the com- 
pound in propylene glycol at 38-40°. It was necessary to 
maintain the solution at this temperature in order to avoid 
precipitation of the compound. 

The urine was extracted with ether and the ether extract 
was fractionated by the procedures described for the experi- 
ments on the metabolism of 2-naphthylamine. 


Isolation of 2-acetamidonaphthalene 


After the ether extract of the urine of the rats dosed with 
2-acetamidonaphthalene by stomach tube had been shaken 
with N-HCl and n-NaOH, and had been washed with water, 
it was evaporated to dryness under reduced pressure. The 
residue was extracted with boiling light petroleum (60-80°) 
and the extract was evaporated to dryness. The residue thus 
obtained was dissolved in ethanol. The solution was heated 
with charcoal, filtered and evaporated to dryness. The 
residue was dissolved in hot light petroleum (60-80°) and 
when the solution was evaporated to small volume it 
yielded 0-030 g. of crystalline material, m.p. 130-131°, 
mixed m.p. with 2-acetamidonaphthalene 131-132°. The 
amount of the compound isolated corresponded to 0-6 % of 
that administered. Insufficient material for identification 
purposes was obtained when the procedure just described 
was applied to the urine of rats dosed by subcutaneous 
injection with 2-acetamidonaphthalene. 


Isolation of 2-naphthylamine 


From the urine of rats dosed with 2-acetamidonaph- 
thalene by stomach tube a very small amount of 2-naphthyl- 
amine was obtained by the procedure used to isolate this 
compound from the urine of rats dosed with 2-naphthyl- 
amine. In two experiments, in each of which the rats re- 
ceived 4-8 g. of 2-acetamidonaphthalene, the total amount 
of 2-naphthylamine isolated from the urine was 0-003 g. 
The m.p. and mixed m.p. of the isolated compound were 
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109-111°. It was not found possible to obtain the amine from 


the urine of rats dosed with 2-acetamidonaphthalene by 
subcutaneous injection. 


Isolation of 2-acetamido-6-hydroxynaphthalene 


The alkali extract of the ether extract of the urine of rats 
dosed with 2-acetamidonaphthalene was fractionated by the 
method already described for the isolation of 2-acetamido- 
6-hydroxynaphthalene from the urine of rats dosed with 
2-naphthylamine. This yielded a crystalline product, m.p. 
217-218°. (Found: C, 71-5; H, 5-7. Cale. for C,,H,,O,N: 
C, 71-6; H, 55%.) 

The methoxy derivative was prepared by the method 
already described and 0-035 g., m.p. 161—162°, was obtained 
from 0-050 g. of the compound isolated from urine. (Found: 
C, 72-4; H, 6:2. Calc. for C,3H,,0,N: C, 72-5; H, 6-1%.) 

It is concluded that the compound obtained from the 
urine was 2-acetamido-6-hydroxynaphthalene. When the 
compound was mixed with 2-acetamido-6-hydroxynaph- 
thalene isolated from the urine of rats dosed with 2-naph- 
thylamine the melting point was not depressed. Further- 
more, the melting point of a mixture of the methoxy 
derivatives of these two products was not depressed. 

The amount of 2-acetamido-6-hydroxynaphthalene ob- 
tained from the urine of rats dosed with 2-acetamido- 
naphthalene by stomach tube was 0-307 g. and this was 
equivalent to 4.5% of the compound administered. When 
the acetamido compound was injected subcutaneously, 
0-381 g. of the hydroxy derivative was isolated, and this 
corresponded to 5-6% of the compound injected. 


DISCUSSION 


The urine excreted by rats dosed with 2-naphthyl- 
amine by stomach tube or by subcutaneous injection 
was found to contain 2-naphthylamine, 2-acet- 
amido-6-hydroxynaphthalene and 2-amino-1-naph- 
thylsulphuric acid. Dobriner e¢ al. (1941) were able 
to isolate 2-acetamidonaphthalene from the urine of 
rats dosed with 2-naphthylamine by subcutaneous 
injection. If this compound was a constituent of the 
urine in our experiments the amounts present were 
probably very small. The excretion of 2-amino-1- 
naphthylsulphuric acid by rats following the admin- 
istration of 2-naphthylamine has not been reported 
previously, although this compound was shown by 
Wiley (1938) to be present in the urine of dogs dosed 
with 2-naphthylamine. The compounds isolated from 
the urine accounted for the following percentages 
of the 2-naphthylamine administered: (1) by sub- 
cutaneous injection : 4-3—-6-5 % as 2-naphthylamine, 
2-0% as 2-acetamido-6-hydroxynaphthalene, 5-1— 
7:2% as 2-amino-l-naphthylsulphuric acid; (2) by 
stomach tube: 2-8—4-6 % as 2-naphthylamine, 1-1 % 
as 2-acetamido-6-hydroxynaphthalene, and 5-3% 
as 2-amino-l-naphthylsulphuric acid. Wiley (1938) 
found an increase in the organic sulphate content of 
the urine of dogs corresponding to 52% of the 2- 
naphthylamine fed, but he did not report the amount 
of 2-amino-1-naphthylsulphurie acid which he iso- 
lated from urine, and Dobriner e¢ al. (1941) did not 
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report the amounts of the metabolites of 2-naph- 
thylamine which they isolated in their experiments. 


The fact that 2-acetamido-6-hydroxynaphthalene 
and 2-amino-l-naphthylsulphuric acid are excreted 
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lene, for it cannot be assumed that the fate of 2- 
acetamidonaphthalene formed in the organism is the 
same as that of administered 2-acetamidonaph- 
thalene. 


NH, 


NHCOCH, 
——* 


B-2 


Conversions which have been shown to take place in the rat are indicated by solid arrows; 
possible intermediary reactions are indicated by broken arrows. 


in the urine of rats dosed with 2-naphthylamine 
raises the question of whether 2-amino-6-hydroxy- 
naphthalene and 2-amino-1-hydroxynaphthalene 
are formed during the metabolism of 2-naphthyl- 
amine. 

The metabolic formation of 2-acetamido-6- 
hydroxynaphthalene from 2-naphthylamine might 
take place: (1) by oxidation of 2-naphthylamine to 
2-amino-6-hydroxynaphthalene followed by acetyla- 
tion of the latter compound; or (2) by acetylation of 
2-naphthylamine followed by the oxidation of 2- 
acetamidonaphthalene to 2-acetamido-6-hydroxy- 
naphthalene. Neither free 2-amino-6-hydroxy- 
naphthalene nor its conjugate with sulphuric acid or 
glucuronic acid has yet been isolated from the urine 
of animals dosed with 2-naphthylamine, although 
Dobriner et al. (1941) obtained spectroscopic evi- 
dence which suggested that one or more of these 
compounds may have been present in the urine ob- 
tained in their experiments. On the other hand, it 
has been shown in the present work that the admin- 
istration of 2-acetamidonaphthalene to rats by sub- 
cutaneous injection or by stomach tube is followed 
by the excretion of 2-acetamido-6-hydroxynaphtha- 
lene. Furthermore, although no appreciable amount 
of 2-acetamidonaphthalene appeared to be present in 
the urine in our experiments with rats dosed with 
2-naphthylamine, this compound has been shown by 
Dobriner et al. (1941) to be excreted by rats dosed 
with the amine. There is evidence, therefore, that in 
the rat 2-naphthylamine undergoes acetylation, and 
that 2-acetamidonaphthalene is converted to 2- 
acetamido-6-hydroxynaphthalene. It cannot be 
said, however, that these observations establish 


that formation of 2-acetamidonaphthalene is a 
necessary step in the metabolic conversion of 2- 
naphthylamine to 2-acetamido-6-hydroxynaphtha- 


The isolation of 2-amino-1-naphthylsulphuric 
acid from the urine of the dosed animals suggests 
that 2-naphthylamine is oxidized in the rat to 2- 
amino-1-hydroxynaphthalene which then undergoes 
conjugation with sulphuric acid. This is in accord- 
ance with commonly accepted views concerning the 
mode of formation of ‘ethereal’ sulphates. If forma- 
tion of 2-amino-1-hydroxynaphthalene takes place it 
is probable that some of this compound undergoes 
conjugation with glucuronic acid with the formation 
of 2-amino-l-naphthylglucuronide, a compound 
which has not yet been shown to be present in the 
urine of animals dosed with 2-naphthylamine. As a 
result of their work on the metabolism of aniline and 
p-aminophenol in rats, Elson, Goulden & Warren 
(1946) have suggested that ‘ethereal sulphate forma- 
tion can take place directly in the aromatic nucleus 
without preliminary formation of free phenolic 
compounds’. If the mechanism described by Elson 
et al. operates in the production of 2-amino-l- 
naphthylsulphuric acid from 2-naphthylamine in the 
rat, the intermediate formation of free 2-amino-1l- 
hydroxynaphthalene need not take place. 

In view of the possibility that bladder tumours 
may be produced in the dog by a metabolite of 2- 
naphthylamine, it is interesting to note that prior 
to the present work it was known that 2-naphthyl- 
amine is converted to 2-amino-1-naphthylsulphuric 
acid in the dog, whereas this change had not been 
shown to occur in the rat. It hasnow been established 
that conversion of 2-naphthylamine to 2-amino-1- 
naphthylsulphuric acid occurs in the rat as well as in 
the dog. In this respect, therefore, the metabolism of 
2-naphthylamine in the rat,resembles its metabolism 
in the dog, although administration of 2-naphthyl- 
amine does not give rise to bladder tumours in the 
rat (Greenstein, 1947). 
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SUMMARY 


1. The administration of 2-naphthylamine to rats, 
either by subcutaneous injection or by stomach tube, 
is followed by the excretion in the urine of 2-naph- 
thylamine, 2-acetamido-6-hydroxynaphthalene and 
2-amino-1-naphthylsulphuric acid. 

2. When rats are dosed with 2-acetamidonaph- 
thalene by subcutaneous injection or by stomach 
tube, the urine contains 2-acetamido-6-hydroxy- 
naphthalene. The urine of rats given 2-acetamido- 
naphthalene by stomach tube contains small 
amounts of the unchanged compound and 2- 
naphthylamine, but these compounds have not been 
found in the urine of rats dosed with 2-acetamido- 
naphthalene by subcutaneous injection. 
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3. The possible steps in the metabolic conversion 
of 2-naphthylamine to the derivatives excreted in 
the urine are discussed. 
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Considerable differences in opinion are on record as 
to what substrates are acted upon by the tea oxidase, 
and also as to their relative rates of oxidation. Thus 
Deb & Roberts (1940) claimed that, in addition to 
o-dihydroxypolyphenols, p-phenylenediamine, as- 
corbic acid and quinol are also oxidized, whereas 
Lamb & Sreerangachar (1940a) stated that o- 
dihydroxyphenols only are oxidized. Li & Bonner 
(1947) claim to have shown that although p-phenyl- 
enediamine is oxidized, the oxidation is catalysed by 
a water-soluble thermostable system. As originally 
suggested by Lamb & Sreerangachar (1940a, b), it is 
now clear that some of these apparent differences in 
specificity are due to adsorption of substrates by 
crude enzyme preparations. Elimination of such 


impurities results in the loss of the enzyme’s ability 
to catalyse oxidation of quinol and ascorbic acid, but 


not of p-phenylenediamine. The use of enzymes con- 
taining adsorbed polyphenols is also shown to affect 
results obtained with catechol as a substrate. 

Again, whereas Harrison & Roberts (1939), using 
substrates at 0-01 m-concentration, showed that tea 
catechins (tannins) are oxidized about three times as 
rapidly as catechol, Sreerangachar’s (19436) mano- 
metric work indicated that catechol is oxidized 
faster than tea catechins, when both substrates are 
at 0-05m-concentration. On the other hand, his 
results (1943a) with the ascorbic acid oxidation 
method, indicate that catechins are oxidized faster 
than catechol at all concentrations investigated. 

In order to reconcile the above differences, a 
detailed investigation of substrate specificity has 
been carried out, using several different types of 
enzyme preparation. 





METHODS AND MATERIALS 





Rates of oxidation and of carbon dioxide output 


Rates were determined manometrically, observing the usual 
precautions (Dixon, 1934). The bath temperature was 32°. 
The total volume of reactants in each Warburg vessel was 
3ml. For continuous records of CO, output the direct 
method was employed, calculating the CO, from the differ- 
ence in QO, uptake, with and without KOH. With crude 
enzyme preparations retention of CO, sometimes resulted in 
appreciable errors, in which case a more accurate value of 
the CO, output was obtained by the first method of Dickens 
and Simer (Dixon, 1934). 


Enzyme preparations 


Crude enzyme. Fresh tea-leaf was finely ground in a 
domestic mincing machine, using an attachment for re- 
ducing nuts to a paste. The mince was washed several times 
with ice-cold acetone until the washings were colourless. The 
resulting powder was dried and stored in vacuo. It showed 
a small residual rate of uptake without added substrates. 

Washed enzyme. Crude enzyme was washed with several 
changes of distilled water, until the aqueous extract no 
longer gave a positive test for amino-acids with ninhydrin. 
It was then washed with acetone, and dried and stored in 
vacuo. Residual respiration was negligible. 

Chloroplast suspension and acetone-dried chloroplasts. Leaf 
was finely ground, mixed with 10% (w/v) glucose and 
squeezed through cloth. Cellular debris was removed by 
centrifuging for 2 min. at the lowest speed on an Inter- 
national Clinical Centrifuge, after which chloroplasts were 
spun down at the highest speed. The chloroplasts were 
washed once with 10% glucose and then suspended in an 
appropriate volume of 10% glucose. Microscopic examina- 
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Substrates 


Polyphenols were dissolved in pH 5-6 buffer (phosphate or 
phthalate) in such concentration that the desired amount of 
substrate could be contained in 0-5ml. Gallic, proto- 
eatechuic and ascorbic acids, and p-phenylenediamine 
hydrochloride were neutralized with NaOH before adding 
buffer. Adrenaline was first dissolved in the calculated 
quantity of HCl. 

Tea catechins were prepared as described by Harrison & 
Roberts (1939), except that the green leaf infusion was 
given a preliminary extraction with CHCl,, before treating 
with ethyl acetate. The preparation obtained probably con- 
tains all the substances referred to by Bradfield (1946). 
A two-way paper chromatogram indicates that the mixture 
may contain as many as thirteen components (unpublished 
observations). 

Merck’s catechin (from Catechu) has been employed as a 
substrate. On a paper chromatogram it is indistinguishable 
from one of the components of tea catechin, and gives a 
green spot (R, 0-57 with phenol at 30°) when sprayed with 
FeCl,. 


RESULTS 
Oxidation of catechol 


Apparent evolution of carbon dioxide. In the oxida- 
tion of catechol (15 mg.) by crude enzyme the rate of 
O, uptake falls off with time, and the CO, output, 
determined by the direct method, is surprisingly 
high, the R.Q. after 1 hr. amounting to 0-40. Results 
in Table 1 show this to be due to two factors, reten- 
tion of CO, by the enzyme, and impurities in the 
enzyme, removed by water washing. Employing the 


Table 1. Effect of type of enzyme and technique on carbon dioxide output 
in enzymic oxidation of catechol 


(40 mg. enzyme +15 mg. catechol in pH 5-6 buffer.) 


Crude enzyme 


c A. 


Direct method 


Washed enzyme 


= 
Dickens & Simer method Dickens & Simer method 





Time — oe Tf ak = 
(min.) (ul. O,) (ul. CO.) (pl. O.) (ul. CO.) (ul. O2) (pu). CO.) 
10 44 22 42 + 62 =. 
20 74 28 91 -- 130 — 
30 100 42 145 _- 198 -- 
45 128 50 232 —- 296 — 
60 158 61 326 39 386 3 


tion showed the preparation to consist mainly of intact and 
broken chloroplasts, together with some larger fragments. 

To obtain an acetone-dried preparation the chloroplast 
suspension was spun down, washed with water, and then 
treated with ice-cold acetone. The resultant granular powder 
was dried in vacuo. Inactivation was appreciable, varying 
from 50 to 90% on occasions. 

‘Water-soluble enzyme.’ Leaf was finely ground, mixed 
with a smali quantity of 10% glucose, and squeezed 
through cloth. The filtered juice was then centrifuged at a 
high speed for 30 min. and the supernatant separated. 


Dickens and Simer technique the observed R.9. is 
much lower (0-12), and exhaustive washing of the 
enzyme reduces the CO, output to a value not appre- 
ciably greater than zero. An explanation of the 
origin of this CO, is given later in this paper. 

Form of oxygen-uptake curve. Whenever catechol is 
oxidized at pH 5-4—5-8 by the washed enzyme, and in 
most cases when a chloroplast suspension or acetone- 
treated chloroplast material is the enzyme source, the 
O, uptake curve is initially autocatalytic (Table 2). 
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Table 2. Autocatalytic oxygen uptake with catechol as substrate 


O, uptake (l.) 
A 








Washed enzyme (40 mg.) 
+catecho] (mg.) 


Time 

(min.) (3) (11) (15) 
10 18 30 66 
20 43 73 144 
30 69 126 258 
40 100 184 356 


The autocatalytic nature of catechol oxidation by 
the tea oxidase has already been reported by Roberts 
& Wood (1950), and is also evident in the case of 
Ceylon leaf (see Sreerangachar’s diagrams, 19436). 

When other oxidizable substances are present the 
effect may be obscured for reasons which will be 
dealt with later. This probably accounts for the fact 
that rates with crude enzyme preparations, which 
contain adsorbed polyphenols, are not always auto- 
catalytic. The failure to observe the effect in the case 
of the Dickens and Simer experiment in Table 1 is 
due to the rate of uptake having reached a limiting 
value for the type of vessel used. 

After the initial autocatalytic phase the rate of 
uptake slows down, and because of the low rates of 
oxidation at low substrate concentrations complete 
oxidation of catechol takes a considerable time. In 
one experiment oxidation of catechol (2-2 mg.) by 
washed enzyme (40 mg.) resulted in an uptake of 
409 wl. (1-83 atoms) O, in 320 min. Given a longer 
period of shaking the uptake would probably have 
approximated closer to the 2 atoms O,/mol. found 
by Ludwig & Nelson (1939) for tyrosinase. 

This contrasts with the consumption of 1 atom 
0,/mol. reported by Harrison & Roberts (1939), 
when catechol (1-1 mg.) was added to a tea mince. 
As shown later, there are complications with mixed 
substrates which, combined with the low rates of 
uptake with 1-1 mg. catechol, particularly in the 
later stages, may lead to premature conclusions that 
oxidation is complete. 

Our earlier work (Roberts, 1939, 1940a) indicated 
that the first product of oxidation of catechol is o- 
benzoquinone, and this was confirmed by Lamb & 
Sreerangachar (1940a), who isolated the corre- 
sponding anilino-quinone. The uptake of a second 
atom of O, is not due to autoxidation of the o- 
quinone, as Wagreich & Nelson (1938) have shown 
that o-benzoquinone only consumes QO, in the 
presence of an oxidase such as tyrosinase. These 
authors consider it likely that some catechol is 
regenerated as a consequence of the disappearance 
of the o-quinone in aqueous solution according to the 
scheme , 


2 o-benzoquinone + H,O — p-hydroxy-o-quinone 
+ catechol, 
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Acetone-dried 
chloroplasts (10 mg.) 


Chloroplasts (2 ml.) 
+ecatechol (15 mg.) 


+catechol] (15 mg.) 


66 43 
159 100 
254 164 
349 234 


but this view can neither be reconciled with the 
autocatalytic nature of the uptake curve with the 
tea oxidase, nor with the finding that addition of 
ascorbic acid (3 mg.) initially depresses the rate of 
uptake, as reported by Roberts & Wood (1950). This 
depression of the rate of uptake by ascorbic acid is 
temporary, for as soon as the ascorbic acid is oxidized 
(190 pl. O,) the rate of uptake becomes autocatalytic. 
Our belief is that o-benzoquinone reacts, without the 
uptake of O,, to form a polyphenol more rapidly 
oxidized by the tea oxidase than catechol, although 
the polyphenol produced cannot, at present, be 
identified. The failure to observe similar phenomena 
with tyrosinase is understandable if tyrosinase 
oxidizes catechol more rapidly than the new poly- 
phenol. 


100 
80 
60 


40 


Initial O2 uptake (j21./10 min.) 


20 





0 10 20 30 40 
Substrate (mg./3 ml.) 


Fig. 1. Variation in initial rate of oxidation with substrate 
concentration. Curve 1: mixed tea catechins +3 mg 
ascorbic acid. Curve 2: Merck’s catechin + 3 mg. ascorbic 
acid. Curve 3: pyrogallol + 3 mg. ascorbic acid. Curve 4: 
catechol +3 mg. ascorbic acid. Curve 5: p-phenylenedi- 
amine. Curve 6: gallic acid + 3 mg. ascorbic acid. pH 5-6 
and 40 mg. washed enzyme in all cases. 


There is little destruction of enzyme apparent as 
a result of catechol oxidation. This is in contrast 
to mushroom tyrosinase, and to the leaf oxidases 
of tobacco (unpublished observations) and Atropa 
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belladonna (James, Roberts, Beevers & deKock, 
1948), where enzyme inactivation in the presence of 
catechol is appreciable. 

Effect of substrate concentration. The effect of sub- 
strate concentration is shown in Fig. 1. A true 
estimate of the rate of oxidation of catechol is only 
obtained when ascorbic acid (3 mg.) is added to the 
system, as the o-benzoquinone is then reduced im- 
mediately on formation, and there is no complication 
due to the subsequent stages of catechol oxidation. 
The approximately linear rate of uptake for the first 
190 ul. O, gives the rate of oxidation of catechol at 
the particular concentration under study. After an 
uptake of 190yl. the rate always becomes auto- 
catalytic. 

The initial rates increase with substrate concen- 
tration, with K,, about 0-025M and an optimal con- 
centration of about 0-12m. Sreerangachar (1943a) 
also determined the optimal substrate concentration 
for catechol by estimating the residual ascorbic acid 
after aeration of a suspension of acetone-washed 
leaf powder (20 mg.) in water (10 ml.), containing 
ascorbic acid (5mg.) and varying quantities of 
catechol. His optimal concentration for catechol 
was 25mg./10ml. (0-023m). In this technique 
diffusion of O, may become a limiting factor when 
the amount of catechol exceeds 25 mg. 





Oxidation of pyrogallol 

Table 3 illustrates the oxidation of pyrogallol 
(10 mg.) at pH 5-6. The R.q. in various experiments 
ranged from 0-48 to 0-57. Approximately complete 
oxidation of pyrogallol within a reasonable time is 
only obtained at low substrate concentrations. With 
2-5 mg. substrate an uptake of 488 pl. O, (2:20 atoms 
O,/mol.) was measured after shaking for 7 hr. with 
washed enzyme (60 mg.) at pH 5-6. During this 
period an output of 234 ul. CO, was also observed. 


Table 3. Effect of addition of ascorbic acid on 
enzymic oxidation of pyrogallol 
(50 mg. washed enzyme, pH 5-6.) 
Pyrogallol (10 mg.) 


Pyrogallol (10 mg.) +ascorbic acid (3 mg.) 


Time — !#V#Y———+ 
(min.) (ul. O.) (pl. CO.) (pl. O4) (ul. CO.) 
10 105 50 117 5 
20 220 118 247 41 
30 320 165 358 94 
60 568 292 653 250 
90 760 394 886 375 
120 925 481 1078 472 


If the contents of the Warburg vessels, after such 
a period of shaking, are extracted with ether, the 
extract is a bright yellow and presumably contains 
purpurogallin. The O, uptake and CO, output figures 
quoted above, however, indicate that oxidation does 
not stop short at the purpurogallin stage. 
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The uptake of O, is initially almost linear, but the 
rate decreases as substrate is consumed. There is no 
autocatalytic phase and addition of ascorbic acid 
has no inhibitory effect, but merely prolongs the 
linear phase and initially depresses CO, output 
(Table 3). 

The effect of the concentration of pyrogallol, and 
other substrates, in the presence of ascorbic acid is 
shown in Fig. 1. K,, is about 0-015m with optimal 
rates at about 0-lm. Oxidation of pyrogallol is 
always faster, at equivalent concentrations, than 
that of catechol. 

It is difficult to reconcile these findings with 
those of Sreerangachar (19436), who showed that at 
0-05 concentration catechol is oxidized faster than 
pyrogallol unless the potassium hydroxide was 
omitted from the inner cups of his Warburg vessels, 
as has admittedly been done in some of his experi- 
ments. In this case the CO, liberated from pyro- 
gallol would give fictitiously low values for the rate 
of oxidation. 

Oxidation of gallic acid 

As shown by Harrison & Roberts (1939) oxidation 
of gallic acid is slow (cf. Fig. 1). With gallic acid 
(20 mg.) and washed enzyme (50 mg.) O, uptake and 
CO, output totalled 40 and 33 pl., respectively, after 
br. 

Other simple phenols 


Adrenaline is only oxidized at about one-quarter 
the rate at which catechol is oxidized, both sub- 
strates being studied at 0-033mM concentration. 
Phloroglucinol is hardly oxidized at all, in contrast 
to its rapid oxidation by the belladonna oxidase 
(James et al. 1948). Tyrosine (0-01 and 0-025) has 
no significant effect, either on initial rate or total O, 
uptake, when added to a tea-leaf mince or a system 
containing washed enzyme (40 mg.) and tea cate- 
chins (10 mg.). It follows that tyrosine is neither 
oxidized directly by the tea oxidase nor by the o- 
quinones produced in tea fermentation. The above 
observations confirm earlier statements made by 
Lamb & Sreerangachar (1940a) and Li & Bonner 
(1947). 

Tea catechins 

Production of carbon dioxide. FEarlier work 
(Roberts, 1940a; Lamb & Sreerangachar, 1940q) is 
in agreement that the primary product of oxidation 
of a tea catechin is an o-quinone. Evidence has 
already been presented (Harrison & Roberts, 1939; 
Barua & Roberts, 1940; Roberts, 1949) that the 
primary oxidation products undergo a condensation- 
polymerization, and this view is accepted by other 
workers in the field. 

It has been further suggested (Roberts & Sarma, 
1940; Roberts, 19416) that the o-quinones may 
function as hydrogen acceptors and bring about 
secondary oxidation of carbohydrates, and possibly 
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of amino-acids. The O, uptake and CO, output of 
fermenting tea-leaf could be accounted for quanti- 
tatively on the assumptions: (1) that the catechins in 
green leaf are a mixture of epicatechin and gallo- 
catechin (mean mol.wt. 300) or their low polymers; 


(2) that no oxidation of catechins takes place beyond. 


the quinone stage; and (3) that the CO, is formed as 
a result of glucose oxidation. 

Bradfield (1946), Bradfield, Penney & Wright 
(1947), and Bradfield & Penney (1948) have estab- 
lished the main component of the tea catechins to be 
gallo-catechin gallate (mol.wt. 458), and other 
galloyl esters also occur. The average molecular 
weight of the catechins is therefore greater than 400, 
so that the above calculations are invalidated. 

This led us to reconsider the origin of the CO, in 
fermentation. Contrary to Sreerangachar’s (1941) 
findings, appreciable quantities of CO, had been ob- 
served during oxidation of tea catechin by a crude 
enzyme preparation (unpublished observation), but 
this had been ascribed to associated impurities in 
both enzyme and substrate. The fact that CO, is 
amongst the oxidation products of both pyrogallol 
and gallic acid suggested, however, that CO, might 
also be formed in the oxidation of tea catechins. 

Using a washed enzyme and the Dickens and 
Simer technique, R.Q.’s varying from 0-33 to 0-46 
were obtained with 10 mg. tea catechin as substrate, 
while with 15mg. catechol the R.Q. varied from 
0-00 to 0-04. The CO, must come, therefore, from the 
tea catechins or from some associated impurity. As 
identical R.Q.’s are obtained with green-leaf infusions 
and tea-catechin preparations (to be reported in a 
later communication) the CO, presumably comes 
from the catechins. 

Table 4 records the effect of variation of substrate 
concentration on the R.Q. That the R.q. decreases 
with increasing substrate concentration is apparent 
when taking total uptakes into consideration, but it 
is even more noticeable in the early stages. (The total 
uptake with 60 mg. substrate after shaking for 9 hr. 
does not represent complete oxidation of the cate- 
chins owing to extensive enzymic inactivation.) 
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R.Q. of the order 0-1. His quoted manometric figures 
are somewhat irregular, and, with an R.Q. of 0-1, 
differences in O, uptake with and without potassium 
hydroxide, would fall within the limits of his experi- 
mental error. 

Form of oxygen-uptake curve. O, uptake initially 
follows an approximately linear course with some 
slight falling off, due to enzymic inactivation (Fig. 2). 


500 3 
400 
a 1 
= 300 
vo 
=x 
os 
a 
2 200 
° 
4 
100 2 
0 20 40 60 90 


Time (min.) 


Fig. 2. Effect of added ascorbic acid on oxidation of tea 
catechins. Curves 1 and 2: O, uptake and CO, output 
with 10 mg. tea catechin and 40 mg. washed enzyme, 
pH 5-6. Curves 3 and 4: as curves | and 2, together with 
3 mg. ascorbic acid. 


This inactivation is more evident at high substrate 
concentrations as shown in Table 4. The uptake with 
60 mg. substrate almost ceases with about 40% of 
the substrate unoxidized. With 30 mg. substrate, or 
less, an approximately linear course is maintained 
until the unoxidized substrate concentration has 
fallen to about 3 mg./3 ml. (see also Fig. 1). Earlier 
work (Roberts, 19405) also indicated a concentration 
of substrate of about this order was required to 
saturate the enzyme. The K,, is probably less than 


Table 4. Effect of tea catechin concentration on B.Q. 


(40 mg. washed enzyme + tea catechins; total vol. 3 ml., pH 5-6.) 





Tea After 9 hr. shaking After uptake of 300 yu]. O, 
catechins — A — 
(mg.) (ul. O2) (ul. COz) (B.Q.) (ul. CO.) (B.Q.) 
10 346 152 0-44 116 0-39 
20 759 270 0-36 64 0-21 
40 1348 432 0-32 45 0-15 
60 1216 316 0-26 33 0-11 


Sreerangachar’s (1941) failure to observe CO, out- 
put in tea-catechin oxidation now becomes under- 
standable. He employed 2 ml. of a 2-8 % solution 
(56 mg.) and restricted measurements to the first 
250-350 wl. O,, for which our results indicate an 


0-001m which is much lower than for catechol or 
pyrogallol. 

Sreerangachar (1943a) concluded that the optimal 
concentration of tea catechins is 20 mg./10 ml. His 
mixture of catechins and ascorbic acid, however, 
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contained 5 mg. ascorbic acid only, and his results, 
with 20mg. tea catechins, show that 5-02 mg. 
ascorbic acid have been oxidized. The results only 
show, therefore, that the rate of oxidation increases 
with substrate concentration up to 20 mg./10 ml., 
and no conclusions can be drawn as to the oxidation 
of the substrate at higher concentrations, apart from 
the objections raised to this method in an earlier 
part of this communication. 

Like pyrogallol the rate is unaffected by addition 
of ascorbic acid (cf. Fig. 2). The effect, as with tea 
fermentation (cf. Roberts, 1939) is to prolong the 
initial linear portion of the uptake curve by an 
amount equivalent to the added ascorbic acid. 





Merck’s catechin 


Only negligible amounts of CO, are produced 
during the oxidation of this catechin by the washed 
enzyme. The rate of uptake is initially linear, with 
a smooth decrease as the concentration of unoxidized 
substrate decreases (cf. Fig. 6). Fig. 1 shows that the 
enzyme is saturated with its substrate at 10 mg./ 
3 ml. concentration, but under optimal conditions 
rate of oxidation is equal to that with mixed tea 
catechins. K,,, is about 0-002. The total O, uptake 
for complete oxidation amounts to 450 pl. for 10 mg. 
catechin, which is rather more than required (381 pl.) 
if each molecule took up 1 atom O,. 


Ascorbic acid, quinol and p-phenylenediamine 


Appreciable oxidation of ascorbic acid and quinol 
is only observed with a crude enzyme preparation 
(cf. Deb & Roberts, 1940). With a washed enzyme 
there is practically no oxidation of ascorbic acid, 
and only slight activity towards quinol, but p- 
phenylenediamine continues to be oxidized to an 
appreciable extent (Table 5). As the washed en- 
zyme has no self-respiration and promotes little or no 
oxidation of ascorbic acid, it must be almost free 
from adsorbed polyphenols. The oxidation of p- 
phenylenediamine, which is considerably more 
rapid than the control without enzyme, has been 
observed with several different enzyme preparations 
and must therefore be considered to be catalysed by 
the tea oxidase. 

The rate of enzymic oxidation of p-phenylenedi- 
amine increases rapidly with substrate concentra- 
tion, but a limit is put to this increase by its solu- 
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bility in water. At 40 mg./3 ml. the rate of uptake is 
nearly half that observed with catechins at optimal 
concentration (Fig. 1). 

Li & Bonner (1947) noted some oxidation of p- 
phenylenediamine by chloroplast preparations, but 
claimed to have established more rapid oxidation by 
a water-soluble thermostable catalyst. Our water- 
soluble enzyme is considered to be equivalent to 
their soluble enzyme. It contains more than 


300 
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O2 uptake (pl.) 





10 20 30 40 50 60 
Time (min.) 


Fig. 3. Oxidation of p-phenylenediamine by water-soluble 
enzyme. Curve 1: 1 ml. water-soluble enzyme diluted to 
3 ml. Curve 2: as curve 1 with 15 mg. p-phenylenedi- 
amine hydrochloride neutralized to pH 5-4. Curve 3: 1 ml. 
boiled water-soluble enzyme. Curve 4: as curve 3 with 
15 mg. p-phenylenediamine hydrochloride neutralized to 
pH 5-4. 


sufficient tea catechins to saturate the enzyme so 
that self-respiration is high, which incidentally con- 
tradicts their finding that oxidation of catechol is 
slow. Addition of p-phenylenediamine (15 mg.) de- 
presses the rate of uptake (Fig. 3) so that we fail to 
confirm that the water-soluble enzyme oxidizes p- 
phenylenediamine more rapidly than catechol. The 
depression in uptake is not inconsistent with en- 
zymic oxidation of p-phenylenediamine as the data 
in Table 6 show a mixed substrate effect with p- 
phenylenediamine and catechins. A mixture with 
catechin is oxidized at a rate intermediate between 
that with the two substrates taken singly, so that 
addition of p-phenylenediamine to the enzyme 
saturated with tea catechins would be expected to 
depress the rate of uptake. 

We find that boiling the soluble enzyme com- 
pletely inactivates it, and the rate of uptake with 
added p-phenylenediamine is then only what is to be 


Table 5. Oxidation of ascorbic acid, quinol and p-phenylenediamine (PPD) 


(40 mg. washed enzyme; total vol. 3 ml. at pH 5-6.) 


Uptakes (yl. O,) 
A 








B 
Time Residual PED 
(min.) respiration (15 mg.) 
20 Nil 38 
40 Nil 79 
60 Nil 110 


. 
Ascorbic acid 


PPD (15 mg.) Quinol 
no enzyme (15 mg.) (3 mg.) 
4 10 3 
7 26 6 
9 33 10 
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is provided by the colours produced in the oxidation 
of mixtures of catechol and tea catechins. The oxida- 
tion products of tea catechins are a bright orange- 
brown in colour, quite distinct from those of 
catechol. With the mixed substrates, the final colour 
is a dull brown, but in the initial stages, where the 
rate of uptake is the same as with tea catechin alone, 
the colour of the mixture is indistinguishable from 
the bright orange-brown characteristic of tea 
catechins alone, which would appear to show that 
tea catechins only are oxidized during this period. 

Secondary oxidations. With mixed substrates the 
o-quinone produced by enzymic oxidation of one 
substrate may oxidize the second substrate. This is 
often indicated by a marked increase in the output of 
CO, (cf. columns 5, 10 and 13 in Table 6). Such 
secondary interactions are non-enzymic and are 
probably largely determined by the oxidation- 
reduction potentials of thesubstances involved. Thus, 
although pyrogallol is oxidized more rapidly than 
catechol, the latter has the higher E;; and further 
oxidation of pyrogallol oxidation products by o- 
benzoquinone is considered more likely than second- 
ary oxidation of catechol oxidation products by the 
o-quinone of pyrogallol. 

On adding catechol (2-2mg.) to pyrogalloi 
(2-5 mg.) after oxidation of the latter substrate has 
proceeded almost to completion both O, uptake and 
CO, output are stimulated (Fig. 5). The total CO, 
output is approximately doubled, and as catechol 
gives no CO, on oxidation, the extra CO, must have 
originated in secondary oxidation of pyrogallol oxi- 
dation products. If catechol is added at the same 
time as the pyrogallol the CO, output is again 
approximately doubled (Table 6 and Fig. 5). This 
might be interpreted by assuming, with Willstatter 
& Heiss (1923), that catechol can be substituted for 
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1 
(I) 2 0 


OH OH 
OH OH HO 
(2) Ce + C) + 40, ——> 


pyrogallol in purpurogallin formation, so that all the 
pyrogallol molecules eliminate CO,, instead of only 
half as when pyrogallol alone is oxidized. The 
structure for purpurogallin is that suggested by 
Barltrop & Nicholson (1948). The position of the 
hydroxyl groups in the analogue to purpurogallin 
(reaction 2) is assumed. 
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This interpretation cannot apply when catechol is 
added subsequently to the complete oxidation of 
pyrogallol. It is therefore clear that o-benzoquinone | 
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Fig. 5. Oxidation of a mixture of catechol and pyrogallol. 
Curves 1 and 2: O, uptakes and CO, outputs for a mixture 
of 2-2mg. catechol, 2-5mg. pyrogallol, and 40mg. j 
washed enzyme at pH 5-6. Curves 3 and 4: as curves 
1 and 2 but catechol added after 4 hr. shaking. { 


can oxidize pyrogallol oxidation products a stage 

further, with the total evolution of approximately | 

1 mol. CO,/mol. pyrogallol. In further confirmation | j 
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of this, secondary oxidation of purpurogallin by 0- 
benzoquinone is shown in Table 7 where addition of f 
catechol to purpurogallin definitely stimulates CO, é 
output. The nature of such oxidation products of 


pyrogallol and purpurogallin is unknown. : 
The above results were all obtained by the direct I 
method of Warburg, using washed enzyme prepara- ( 
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tions which give negligible CO, outputs with catechol 
as substrate. Table 7 also summarizes the results of 
some experiments by the method of Dickens and 
Simer, where addition of excess catechol to pyro- 
gallol more than doubles CO, output. 
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gallol and tea catechins are approximately additive 
when these two substrates are mixed (Table 6), so 
that there is no evidence of any interaction between 
them. On the other hand, tea catechins do induce 
secondary oxidation of gallic acid. 


Table 7. Effect of added catechol on carbon dioxide production from polyphenols 


(Dickens & Simer technique; 25 mg. washed enzyme; total vol. 3 ml.; pH 5-6.) 


Without catechol 


With catechol (15 mg.) Duration of 
A 





— A. —" + shaking 

Substrate (mg.) (pl. O.) (ul. CO.) (pl. O.) (pl. CO.) (min.) 
Pyrogallol 1-26 152 72 518 167 110 
Tea catechins 5 110 42 362 150 90 
Gallic acid 20 40 33 330 207 60 
Gallic acid 0-85 —* —* 376 106 80 
Protocatechuic acid 0-77 —* —* 498 20 80 
5 486 57 90 


Purpurogallint 10 18 
* O, uptakes or CO, outputs negligible. 


Results tabulated in Tables 6 and 7 show that CO, 
output from tea catechins is also very much in- 
creased by addition of catechol. The increase of CO, 
evolution in tea fermentation when catechol is 
added (Roberts, 19415) is not, therefore, necessarily 
due to increased breakdown of respiratory substrates, 
and is probably largely due to further oxidation of 
tea catechins, resulting in production of CO, in the 
same way as established in the experiments now 
under discussion. The production of CO, when a 
crude enzyme acts upon catechol is probably due to 
oxidation of adsorbed tea catechins, the output of 
CO, being enhanced by the further oxidation of the 
catechins by the o-benzoquinone. 

Oxidation of gallic acid by o-benzoquinone is 
apparent from the data in Tables 6 and 7 and Fig. 4. 
E, for gallic acid is higher than that for catechol 
(Ball & Chen, 1933), but as the primary oxidation 
product of gallic acid is unstable, oxidation of gallic 
acid may proceed to completion. It is of interest to 
note that protocatechuic acid, with a much higher 
Ej, and no pyrogallol grouping, is not appreciably 
oxidized in the presence of catechol (Table 7). 

Merck’s catechin behaves similarly to catechol in 
promoting the further oxidation of pyrogallol, tea 
catechins and gallic acid, as demonstrated by in- 
creases in total CO, output (‘Table 6). The results with 
pyrogallol indicate Ej for this catechin to be prob- 
ably a little lower than that of catechol. Using 
1-7 mg. of gallic acid + 10 mg. catechin the results in 
Fig. 6 show that about 2 atoms of O, (223 pl.) are 
consumed and 1 mol. CO, (203 yl.) produced in the 
complete oxidation of gallic acid. This confirms the 
statement made earlier that the high Hj value for 
gallic acid is no obstacle to its complete oxidation by 
a substance of lower potential. 

Mixed tea catechins, as indicated by their second- 
ary oxidation by Merck’s catechin and tea oxidase, 
probably have lower mean E, values than Merck’s 
eatechin. Total O, uptakes and CO, outputs of pyro- 


t+ Direct method of Warburg. 40 mg. washed enzyme. 


Pyrogallol, with probably the lowest Ej value of 
the substances under consideration, has not been 
shown to bring about any secondary oxidations. 
Even gallic acid is completely unaffected. 
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Fig. 6. Mixed substrates, Merck’s catechin and gallic acid. 
Curve 1: O, uptake with 10 mg. Merck’s catechin + 40 mg. 
washed enzyme at pH 5-6. Curve 2: as curve | together 
with 1-7 mg. gallic acid. Curve 3: as curve 2, CO, output. 


Mixed substrates with p-phenylenediamine. No 
true mixed substrate effect has yet been demon- 
strated when both substrates are polyphenols 
oxidizable by the tea oxidase. On the other hand, as 
the data in Table 6 show, p-phenylenediamine and 
catechins behave quite normally in this respect. The 
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typical mixed substrate effect is strong evidence for 
the belief that p-phenylenediamine is oxidized 
enzymically by the tea oxidase. 


DISCUSSION 


Nature of the tea oxidase 


With an enzyme washed free from adsorbed sub- 
strates neither ascorbic acid nor quinol are appreci- 
ably oxidized, from which it follows that the enzyme 
is unlikely to be a cytochrome oxidase. Further 
evidence against the identification of the tea oxidase 
with cytochrome oxidase is afforded by oxi“ation- 
reduction potentials. Stotz, Sidwell & Hogness 
(1938) obtained H£j=0-262V. for cytochrome c 
between pH 5-0 and 8-0. At pH 5-6, Ej for cate- 
chol= 06-466 V. (calculated from Ball & Chen, 1933) 
so that at the optimal pH, catechol oxidation by a 
cytochrome system is unlikely to be very rapid, 
especially as o-benzoquinone is more stable at 
pH 5-6 than at pH 7-3 at which level only a slow 
oxidation of catechol by the cytochrome system is 
known to take place (Slater, 1949). Earlier claims 
(Roberts, 1940a, 194la, 1942) are therefore with- 
drawn. 

The tea oxidase differs in many respects from 
tyrosinase; tyrosine is not oxidized, nor is the 
enzyme appreciably inactivated as a result of cate- 
chol oxidation. A further characteristic is its power 
of oxidizing p-phenylenediamine and of oxidizing 
substrates with a pyrogallol grouping more rapidly 
than those with a catechol grouping. Although simple 
polyphenols, such as pyrogallol and catechol, are 
oxidized by the enzyme, it seems clear that its true 
substrates are the catechins, for which much lower 
Michaelis constants are observed than for the simpler 
polyphenols. 

Oxidation of substrates 


Although there is no reasonable doubt that the 
primary product of oxidation with all polyphenols is 
an o-quinone, subsequent changes are often dis- 
similar. With catechol, the o-quinone appears to 
undergo a transformation into another polyphenol, 
more rapidly oxidized by the tea oxidase than the 
original catechol. No CO,, however, is evolved from 
this, nor from any other polyphenols containing 
catechol as opposed to pyrogallol groupings (Merck’s 
catechin, adrenaline, protocatechuic acid). With 
Merck’s catechin the amount of O, required for com- 
plete oxidation is little more than 1 atom per mol., 
which suggests that substitution in the 4-position 
prevents the formation from the primary o-quinone of 
a polyphenol capable of undergoing further enzymic 
oxidation. 

For pyrogallol the mechanism of Willstatter & 
Heiss (1923), as modified by Barltrop & Nicholson 
(1948), would appear to explain oxidation as far as 


E. A. H. ROBERTS AND D. J. WOOD 


1950 


purpurogallin, but it is evident that oxidation does 
not stop at this stage. The formation of CO, in the 
oxidation of pyrogallol and gallic acid, for which a 
similar mechanism is suggested by Willstitter & 
Heiss (1923), is also readily understandable and the 
recorded output of CO, in the former case is only a 
little greater than that required for 1 mol. CO, for 
every 2 mol. pyrogallol. 

No simple mechanism for the formation of CO, 
from tea catechins can be put forward at present. 
As shown by Bradfield et al. (1947) the tea catechins 
consist of various isomers of catechin (I), gallo- 
catechin (II), and their galloyl esters (III) and (IV). 
The simple catechins, judging from our results with 
Merck’s catechin, give no CO, on oxidation, so that 
the CO, must be formed from one or more of the 
other three types, all of which contain one or two 
pyrogallol groupings. In this connexion, however, it 
may be pointed out that the total CO, outputs re- 
corded in Tables 6 and 7 for mixtures of tea catechins 
and catechol are approximately those required were 
the CO, to originate from oxidation of the gallic acid 
residues only. It is not, therefore, necessary to 
assume any elimination of CO, from the pyrogallol 
group in the gallocatechins and their gallates, 
although the possibility cannot at present be 
excluded. 

The fact that no CO, is evolved in the presence of 
ascorbic acid proves that CO, formation takes place 
at a stage subsequent to the formation of the o- 
quinone. Until pure substrates can be obtained in 
sufficient quantity for detailed study, there is little 
prospect of working out the mechanism of CO, 
elimination. Judging by the variation in R.Q. with 
substrate concentration (Table 4) the scheme of 
reaction is likely to be complex. 


OH 
HO * Sou {You 
= <™ 
OH 
HO Nou OH 
SHOR OH 
HO cH, 
(I) R=H. (II) R=H. 


(III) R=galloyl. (IV) R=galloyl. 

The relatively low R.Q.’s (0-1—0-4) suggest either 
that only some of the catechins lose CO, in the 
course of oxidation, or that elimination of CO, goes 
only partly to.completion. In the latter case two 
series of condensation products are likely to be 
formed for each type of catechin, one series derived 
from catechins which have undergone a relatively 
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simple oxidation, and the other derived from oxida- 
tion products which in the course of their oxidation 
have expelled 1 mol. CO,. The simple catechins (I) 
account for only a small proportion of the total tea 
catechins, so that on the first hypothesis it would be 
necessary to assume that not all of the catechins con- 
taining a pyrogallol group yield CO, on enzymic 
oxidation. The great variations in R.Q. with substrate 
concentration, temperature (Harrison & Roberts, 
1939) and dilution (Roberts, 19406) suggest that 
elimination of CO, is only partial, a view which is 
confirmed by the considerable increases in CO, evo- 
lution when catechol is added to the system. The 
balance of evidence, therefore, is in favour of the 
latter alternative. 

The high K,, values for catechol and pyrogallol 
render them unsuitable substrates for a study of the 
kinetics of the tea oxidase. The high concentrations 
of substrate that have to be used result in complete 
oxidation taking a disproportionately long time. 
Catechol also has the objection that rates are auto- 
catalytic, so that initial rates are difficult to calculate. 

The use of a tea-catechin preparation is also not 
free from objection, as we are not dealing with a pure 
substrate nor even one of known or constant com- 
position. A simple catechin, such as Merck’s cate- 
chin, seems the most suitable substance available at 
present. The fact that CO, is not formed on its oxida- 
tion is an added advantage in some experiments. 


Mixed substrates 


When p-phenylenediamine is mixed with catechins 
the rate of uptake ubserved is intermediate between 
the rates for the single substrates. This normal 
behaviour is not observed when two different poly- 
phenols are mixed, for in such cases the rate is that 
of the more rapidly oxidized substrate. An apparent 
exception to this is provided when catechol is the 
faster oxidized substrate, as reduction of the initially 
formed o-benzoquinone by the second substrate 
eliminates the faster second stage of the reaction 
(with tea oxidase). It appears that, with mixed 
polyphenols, the more rapidly oxidized substrate is 
oxidized almost exclusively in the initial stages, 
provided that there is no secondary interaction 
between the o-quinone formed and the more slowly 
oxidized substrate. 

An interesting parallel to this is provided by the 
observations of Wieland & Mitchell (1932), who 
found that the purine bases were oxidized to uric 
acid by xanthine oxidase in the presence of acet- 
aldehyde, without any simultaneous oxidation of the 
aldehyde. As the enzyme oxidizes both purine bases 
and aldehydes, this is another example of successive 
oxidation of substrates. : 

The principle of successive oxidation of poly- 
phenols, and the recognition of interactions between 
oxidation products with mixed substrates, gives 
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some insight into the complicated processes taking 
place in tea fermentation, where a mixture of several 
catechins and gallic acid is undergoing enzymic 
oxidation. 

As Merck’s catechin has a higher K,, than mixed 
tea catechins it appears likely that the simple cate- 
chins and epicatechins (formula I) will be among the 
last to be oxidized during fermentation. As oxida- 
tion in fermentation is normally about 80-90% 
complete, and these catechins probably constitute 
less than 10 % of the total catechin content, it is at 
least possible that these simple catechins will not be 
oxidized to any great extent. Preliminary work with 
paper chromatograms, to be published later, also 
indicates that during fermentation some catechins 
are completely oxidized before others. 

The possibility of interaction between catechin 
oxidation products is also indicated by the consider- 
able increase in CO, output obtained when Merck’s 
catechin is mixed with tea catechins. Until sufficient 
quantities of individual catechins are available for 
their enzymic oxidations to be studied, both singly 
and in mixtures, the extent to which such inter- 
actions go on is unpredictable, but it appears 
definite that such interactions will follow the 
primary oxidation to o-quinones, and that the 
resultant changes in chemical composition will be 
reflected in differences in the quality of the marketed 
tea. 

The results of Sreerangachar 


Sreerangachar (19436) has studied the relative 
rates of oxidation of various substrates of the tea 
oxidase manometrically, and has also investigated 
the influence of oxidation products of tea poly- 
phenols on these rates. He states that ‘any compli- 
cation due to respiration changes was avoided by 
not introducing potassium hydroxide into the central 
tube’. As appreciable quantities of CO, are evolved 
in the enzymic oxidation of tea catechins, and as 
these amounts are increased in the presence of 
catechol, it is evident that Sreerangachar’s figures 
for substrate oxidation by minced leaf under these 
conditions are valueless and his conclusions in- 
validated. 


SUMMARY 


1. The tea oxidase, when washed free from ad- 
sorbed polyphenols, oxidizes catechol without any 
formation of carbon dioxide. The rate is auto- 
catalytic owing to formation of a more rapidly 
oxidized polyphenol from o-benzoquinone. The tea 
oxidase is not appreciably inactivated as a result of 
catechol oxidation. K,, is high (about 0-025mM). 

2. Pyrogallol is oxidized, probably to purpuro- 
gallin, with elimination of one molecule of carbon 
dioxide for every two molecules of pyrogallol, with 
some subsequent oxidation beyond the purpuro- 
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gallin stage. K,, is 0-015 and pyrogallol is oxidized 
more rapidly than catechol at all concentrations. 

3. Tea catechins are oxidized more rapidly than 
simple polyphenols, with a lower K,, (0-001—0-002m). 
Merck’s catechin produces no carbon dioxide, but 
mixed tea catechins are oxidized with elimination of 
carbon dioxide, the amount depending upon sub- 
strate concentration, time of reaction, etc. The 
carbon dioxide produced probably accounts for 
much of the carbon dioxide evolved in tea fermenta- 
tion. 

4. Adrenaline, gallic acid and rutin are oxidized 
more slowly than catechol. Phloroglucinol, tyrosine, 
ascorbic acid and quinol are either not oxidized or 
are oxidized very slowly. p-Phenylenediamine is 
oxidized at an appreciable rate. 

5. With a mixture of two polyphenols, the rate of 
uptake is equal to that of the more rapidly oxidized 
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substrate, and the more slowly oxidized substrate 
appears initially to undergo no oxidation. Secondary 
interactions between polyphenols and their o- 
quinones take place, and the extent of oxidation of 
substrates such as pyrogallol, gallic acid and tea 
catechins, can be much increased by adding catechol 
or Merck’s catechin to the system, judging by the 
increase in carbon dioxide output. p-Phenylene- 
diamine with polyphenols gives normal mixed sub- 
strate reactions. 

6. The effect of these mixed substrate effects on 
the mechanism of tea fermentation is discussed. 


The authors wish to express their thanks to the Chief 
Scientific Officer, Mr C. J. Harrison, for his interest in this 
work, and to the Indian Tea Association for permission to 
publish these results. Thanks are also due to Dr J. F. Couch 
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Studies on the Plasma Phosphatase of Normal and Rachitic Chicks 
1. GENERAL CHARACTERISTICS OF THE ENZYME 


By I. MOTZOK, Department of Animal Nutrition, Ontario Agricultural College, Guelph, Canada 
AND A. M. WYNNE, Department of Biochemistry, University of Toronto, Toronto, Canada 


(Received 7 February 1950) 


The primary purpose of these investigations was to 
determine whether or not there is a quantitative 
relationship between the level of plasma phosphatase 
in rachitic chicks and the severity of the rachitic 
conditions as ordinarily expressed in terms of bone 
ash. 


It is now generally recognized that rickets and other 
disturbances of the normal process of bone formation are 
usually accompanied by an increase in the alkaline-phos- 
phatase activity of the blood plasma. The literature bearing 
on this relationship has been reviewed by Folley & Kay 
(1936) and, more recently, by Morris (1944) and by Moog 
(1946). Others, including Bodansky & Jaffe (1934a, db), 
Barnes & Carpenter (1937) and Klasmer (1944) have re- 
ported clinical studies which support the view that the 
degree of activity of the alkaline phosphatase of the plasma 
is directly related to the severity of the rachitic condition. 
Elevated plasma phosphatase is one of the earliest changes 
to be observed during the development of rickets in children, 
and the diminution in the concentration of the enzyme in the 
plasma towards normal levels, during treatment of the 
disease, is regarded as good evidence of the healing of 
rickets. 

In the case of the chick, it has been established that the 
mineral content of the bones bears a direct relationship, 
within certain limits, to the amount of vitamin D consumed 
with the food; and, as is well known, determination of the 
ash content of the tibiae serves as the basis of a method 
(Association of Official Agricultural Chemists, 1940) of 
assaying the potency of antirachitic substances used in 
poultry feeding. Although this method is widely used, the 
preparation of the bones for the determination of their ash 
content is a rather tedious and time-consuming process. 


Before undertaking the studies of the quantitative 
relationship between the level of plasma phos- 
phatase in rachitic chicks and the severity of the 
disease as indicated by the bone ash, it was necessary 
to investigate the properties of the alkaline phos- 
phatase of chick plasma in order to establish the 
optimum conditions for its activity in vitro and to 
develop a reliable method for the quantitative 
determination of the enzyme. Surprisingly little in- 
formation on the characteristics of this enzyme in 
chicks is available in the literature. It is true that 


several investigators have established a correlation 
between the degree of rickets in chickens and the 
amount of plasma phosphatase expressed in terms of 
its activity (Auchinachie & Emslie, 1934; Common, 
1936 ; Correll & Wise, 1938), but the methods used for 


the measurement of the activity of the enzyme were 
those which had been employed previously by other 
workers in studies of the phosphatases of mammalian 
sera and tissue extracts. There is, however, no reason 
for assuming that the optimum conditions for the 
activity, in vitro, of the plasma phosphatase of 
chicks are identical with those found for the phos- 
phatases of mammalian species. Indeed, Bakwin & 
Bodansky (1933) have shown that the same type of 
tissue, e.g. intestinal mucosa, obtained from different 
mammalian species may yield phosphatase prepara- 
tions which require somewhat different conditions 
for their optimum activity in vitro. 

In view of these considerations, some preliminary 
studies of the chick enzyme were carried out, with 
the purpose of establishing optimum conditions for 
its activity. The present paper is concerned with these 
studies. 


EXPERIMENTAL AND METHODS 


Single comb White Leghorn chicks were started on experi- 
ment when | day old. The chicks were divided into groups of 
twenty or more and kept in metal chick batteries in an air- 
conditioned room maintained at approximately 27°. They 
were fed ad lib. for 3 weeks, on the basal diet recommended 
by the Association of Official Agricultural Chemists 
(1940) for the chick assay of vitamin D, fortified by graded 
amounts of cod liver oil previously assayed for vitamin D 
by the A.O.A.C. procedure. 

Blood samples. After 3 weeks, individual samples of blood 
from the carotid artery were collected in dry glass vials 
containing Na oxalate. Equal portions (e.g. 0-5 ml.) of 
blood drawn from individual chicks were pooled to make 
a representative sample for the group. In the early experi- 
ments 10 ml. of the pooled blood were added to 200 ml. of 
0-9% (w/v) NaCl solution; the mixture was subsequently 
centrifuged and the clear plasma solution was removed. 
A few drops of toluene were added as a preservative and the 
saline plasma solution was kept at 2-5°. The phosphatase 
activity of such a preparation was found to be unstable, as 
will be shown later; therefore, in studies of the character- 
istics of the enzyme present in different samples of blood, 
prepared by the method just described, the activity was 
determined 1 hr. after dilution. It was established later 
that, if the plasma was stored at 2-5° and diluted with saline 
just before use, the enzyme was stable for at least 2 weeks. 
This method of preparation of the enzyme was used when 
comparative studies, extending over several days, were 
made on the same pooled sample of blood. 
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Substrate. In most of the experiments Merck’s N.F. 
disodium glycerophosphate (Na,C,H,;(OH),.PO,.5$H,O; 
mol.wt. 315-15) was used as the substrate. It was found to 
be free from inorganic phosphate. During the latter part of 
the investigation the analysis of this preparation by a 
modification* of the methods of Malaparade (1928) and of 
Voris, Ellis & Maynard (1940) showed that it contained 
approximately 33% of «-glycerophosphate and 67 % of the 
B-salt. Throughout the paper this mixed salt will be re- 
ferred to as sodium glycerophosphate. In certain other 
experiments a preparation of the pure f-salt was used; this 
is designated as B-glycerophosphate. 

Buffer. In almost all the studies reported in this paper the 
veronal-carbonate buffer of King & Delory (1940) was used. 
After some preliminary studies (Graham, 1942; Motzok, 
unpublished data) with the NH,OH-NH,Cl buffer recom- 
mended by Lundsteen & Vermehren (1936), it was estab- 
lished, as will be shown later, that the activity of the en- 
zymes at a given pH varied with the concentration of the 
buffer in the digestion mixture. With the veronal-carbonate 
buffer, on the other hand, under the conditions employed 
and at a given pH, variation in the concentration of the 
buffer in the digestion mixture from 0-0025 to 0-025M did 
not cause any change in the activity of the enzyme. In all 
but one of the experiments the concentration of this buffer 
in the reaction mixture was 0-0125M. 

Determination of phosphatase activity. 10 ml. of the saline 
plasma solution (1 ml. of plasma diluted with 19 ml. of 
saline) were added to 10 ml. of a solution containing sub- 
strate, buffer and MgCl, , the two solutions having previously 
been warmed to 30°. After thorough shaking, the reaction 
mixture was incubated for 15 min. at 30°. The action of the 
enzyme was stopped by trichloroacetic acid (4 ml. of di- 
gestion mixture were added to 3 ml. of 15% (w/v) trichloro- 
acetic acid in a centrifuge tube), and the liberated inorganic 
phosphate in the supernatant solution after centrifuging was 
determined by the method of Lundsteen & Vermehren 
(1936), with the modification that, instead of amidol, the 
reducing agent used was 1-amino-2-naphthol-4-sulphonic 
acid prepared by the method of King (1932). The density of 
the colour developed was determined with a Cenco-Sheard- 
Sanford photelometer. Control mixtures containing enzyme, 
buffer and MgCl, but no substrate were treated similarly. In 
other mixtures containing substrate, buffer and MgCl, but 
no enzyme, no hydrolysis of the substrate took place under 
the conditions adopted. 

Bodansky (1932) has shown that an appreciable error 
may be incurred in the estimation of inorganic phosphate in 
the presence of varying concentrations of glycerophosphate 
and of trichloroacetic acid. In the present studies suffi- 
ciently small samples were used to avoid any interference by 
glycerophosphate or by acid and also to eliminate the 
necessity of neutralization with NaOH as proposed by 
Shinowara, Jones & Reinhart (1942). The limits of error 


* The authors are indebted to DrC.8. McArthur, Banting 
and Best Department of Medical Research, University of 
Toronto, for details of his modification of the method of 
analysis. The modifications specified that the phosphate 
buffer should consist of 17 g. of Na, HPO,.12H,O and 4-2 ml. 
of 10Nn-H,SO, in 100 ml. of solution, that a reaction period 
of 3 hr. be used and that a saturated aqueous solution of 
phenolphthalein be employed as the indicator instead of 
MgSO,. 
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between duplicate phosphatase determinations were within 
+2%. By means of a glass electrode the pH of each re. 
action mixture was determined at the end of the digestion 
period, at room temperature (approx. 25°), and is desig- 
nated as the ‘final’ pH. It was found that no appreciable 
change in the pH occurred during the period of hydrolysis, 

Unless otherwise stated, plasma phosphatase activity is 
expressed in terms of inorganic phosphate, recorded as mg, 
of phosphorus liberated from Na glycerophosphate by the 
enzyme present either in 0-5 ml. of cell-free plasma or in the 
plasma of 1 ml. of blood. 


RESULTS 


Effect of buffers. The inhibitory effect of ammo- 
nium buffer was shown by a fall from 1-37 mg. P 
hydrolysed to 1-06mg. as the concentration of 
buffer was raised from 0-005 to 0-04M, the pH being 
constant at 9-88 with 0-02mM-Na glycerophosphate 
and 5mm-MgCl,. Although a constant concentra- 
tion of NH} can, of course, be maintained in the 
digestion mixture, the quantity of enzyme present 
may vary from one sample of blood to another, 
resulting in a corresponding variation in the ratio of 
the enzyme to NH}. Under such conditions the 
inhibitory effect of the NH} would be a variable 
factor. 

Variations in the concentration of veronal- 
carbonate buffer in the reaction mixture had no 
effect on the activity of the enzyme. Between 
0-0025 and 0-05M the P hydrolysed varied between 
only 1-17 and 1-19 mg. 
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Fig. 1. Time course of hydrolysis of 0-08m-Na glycero- 
phosphate at pH 9-88 and in the presence of 0-005M- 
MgCl, (A), and of 0-06M-Na glycerophosphate at pH 9-86 
without added Mgt+ (B), by plasma phosphatase of 
chicks. 


Initial velocity of reaction. In an effort to establish 
a convenient reaction time within which the initial 
velocity of the reaction remains constant, anumber of 
experiments of the type of that illustrated in Fig. 1 
were carried out. From this figure it is clear that, 
under the conditions specified, the initial velocity is 
constant for at least 30 min. even without added 
magnesium chloride (curve B); and, with added 
magnesium chloride, linearity is maintained for at 
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least 60 min. (curve A). On the basis of these ex- 
periments, it was concluded that determinations of 
inorganic phosphate made after 15 min. hydrolysis 
can safely be regarded as representing initial 
velocities of reactions. 

Relationship between substrate concentration and 
optimum pH. The concentration of substrate in the 
reaction mixture was shown to have a rather marked 
influence on the pH required for optimum activity of 
the enzyme. Fig. 2 indicates that the optimum pH 
shifted from a value of 9-65 for the hydrolysis of 
0:004m-sodium £-glycerophosphate to pH 9-88 for 
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Fig. 2. Relationship between pH and the hydrolysis of 
different concentrations of Na £-glycerophosphate by 
zhick plasma phosphatase in the presence of 0-005m- 
MgCl, during a reaction period of 10 min. 


the hydrolysis of 0-08M-substrate, in mixtures con- 
taining 0-005 M-magnesium chloride. Similar changes 
in the optimum pH in relation to substrate concen- 
tration were observed in the case of the mixture of 
a- and £-glycerophosphate in the presence of added 
magnesium chloride and in the case of the pure B- 
ester without additions of magnesium chloride. This 
variation in optimum pH with change in initial sub- 
strate concentration is in general agreement with the 
more limited findings of Askawa (1928), Jacobsen 
(1933) and Folley & Kay (1935), and has been con- 
firmed by Shen (1943) and Emmett (1944) for the 
phosphatases of yeast and of the intestinal mucosa 
of rats, respectively. 


There is much confusion in the literature with respect to 
the pH optima of alkaline phosphatases. The range of re- 
ported optima extends from values at least as low as pH 8-2 
to values as high as pH 10 or higher. While there is no 
doubt that phosphatase derived from different tissues of the 
same animal may be characterized by different pH optima 
and that different species of animals may exhibit differences 
with respect to the optimum pH of the phosphatase derived 
from similar organs or tissues, it is nevertheless true that 
confidence in reported values is necessarily determined by 
considerations of the methods by which these values were 
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obtained. As Folley & Kay (1936) have suggested, much of 
the confusion may be traced to the failure of some workers 
to use the initial velocity of reaction as the basis of com- 
parison of the activities of the enzyme under different 
conditions. (The only satisfactory alternative is the use of 
the unimolecular velocity constant, but only under certain 
conditions can K,,,; be shown to be really constant over an 
appreciable period of time.) The arbitrary choice of a re- 
action period at the end of which the products of the re- 
action are measured is open to serious criticism, for, depend- 
ing upon this choice, different apparent optimum pH values 
may be obtained. The work of Lundsteen & Vermehren 
(1936) on the alkaline phosphatase of human serum 
illustrates this point. For long periods of hydrolysis 
(70 hr.) they reported an optimum pH of 8-65, whereas for 
periods of 1 hr. greatest activity was observed at pH 9-65. 
No information was given as to change of pH during the 
70 hr. period, but it is unlikely that the pH was constant. 
In any event, the concentration of substrate was consider- 
ably reduced during the later stages of this long period; and 
since the optimum pH varies to some extent with the sub- 
strate concentration, it is difficult, if not impossible, to 
reach any valid conclusion as to the true optimum pH of 
such a system. It should be emphasized that reliable values 
for the optimum pH of phosphatases, as indeed of enzymes 
in general, are usually obtainable only when activities are 
compared on the basis of initial rates of reaction. Moreover, 
in the case of phosphatases it is desirable, when recording 
optimum pH values, to state also the initial concentration of 
substrate since variations in this concentration undoubtedly 
affect the optimum pH. 


Optimum concentration of substrate. Previous 
studies of the relationship between substrate con- 
centration and phosphatase activity have been 
reviewed by Folley & Kay (1936). Numerous 
workers have observed an increase in the initial rate 
of hydrolysis which rises to a maximum value with 
increasing substrate concentration; and with con- 
centrations of substrate above the ‘optimum’, a 
progressive falling off in the rate of hydrolysis has 
frequently been observed. This diminution in 
activity has been attributed to ‘inhibition by excess 
substrate’. It should be noted that previous 
workers, in studying the relation between substrate 
concentration and phosphatase activity, have ad- 
justed all reaction mixtures (containing increasing 
concentrations of substrate) to the same initial pH, 
namely an ‘optimum’ pH value obtained by measur- 
ing the activity of the enzyme in reaction mixtures 
adjusted to different pH levels and containing an 
arbitrarily chosen concentration of substrate. 

The alkaline phosphatase of chick plasma has 
been found in the present study to behave in a 
similar manner under the conditions just outlined. 
For example, when the pH of reaction mixtures con- 
taining sodium glycerophosphate in different con- 
centrations was maintained at the same level in all 
cases, namely, at pH 9-86 (the optimum pH for 
0-06m-substrate) the initial rate of hydrolysis in- 
creased with increasing concentration of substrate 
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up to a maximum rate obtained with 0-06Mm-sub- 
strate ; with higher concentrations of substrate a pro- 
gressive decrease in the initial rate of hydrolysis 
occurred. Since the optimum pH has been shown to 
vary with the initial concentration of substrate there 
would seem to be no good reason for selecting, 
arbitrarily, a single pH level at which the activity of 
the enzyme in mixtures containing different con- 
centrations of substrate is to be measured. If, 
instead, the several activities are measured at the pH 
levels which have been found to be optimum for the 
different concentrations of glycerophosphate em- 
ployed, no diminution in activity is observed in the 
higher ranges of concentration at least up to 0-10M 
(Fig. 3). The accurate determination of the plasma- 
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Fig. 3. Effect of substrate concentration on the rate of 
hydrolysis of Na glycerophosphate by chick-plasma 
phosphatase at the optimum pH for each concentration of 
substrate in the presence of 0-005M-MgCl, during a 
reaction period of 10 min. 


phosphatase activity in mixtures containing glycero- 
phosphate in concentrations greater than 0-10mM is 
complicated by the difficulty of maintaining the pH 
at the optimum levels, since these lie close to the 
effective limit of the buffer system employed. 

Magnesium activation of plasma phosphatase. The 
maximum activation of chick-plasma phosphatase 
by Mg++ in the hydrolysis of 0-08m-sodium glycero- 
phosphate, during a reaction period of 15 min., was 
obtained with 0-005m-magnesium chloride when the 
pH was maintained at 9-88—9-90. Further additions 
of magnesium chloride up to 0-02M had no effect on 
the rate of hydrolysis; concentrations above 0-02m 
resulted in precipitation of magnesium hydroxide 
and a lowering of the pH below the optimum pH 9-90. 
The optimum concentration .of Mg++ was not 
affected appreciably by a change in concentration of 
enzyme, e.g. from 0-5 to 0-25ml. of plasma per 
20 ml. of digestion mixture. 

Stability of plasma phosphatase. The results of a 
study of the stability of the enzyme at 2-5° are 
illustrated in Fig. 4 in which the two curves, A and B, 
represent two preparations made by slightly different 
methods from pooled samples of freshly drawn 
oxalated blood. One preparation was obtained by 
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diluting 1 vol. of blood with 20 vol. of physiological 
saline, and subsequently removing the cells by centri- 
fugation. A small amount of toluene was added, 
Curve A of Fig. 4 shows that the alkaline phos- 
phatase activity of this preparation decreased 
rapidly during the first 10 hr. of storage at 2-5°, after 
which the rate of inactivation was slower. In con- 
trast, the activity of the other preparation, undiluted 
cell-free plasma, did not change appreciably during 
at least 2 weeks’ storage at 2:5° (curve B). 

If the cells are removed from the undiluted blood 
and the plasma is subsequently diluted with 20 vol. 
of 0-9% (w/v) sodium chloride solution, the phos- 
phatase activity of the diluted plasma remains un- 
changed for at least 1 hr. at 30°; in sixteen successive 
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Fig. 4. Stability of phosphatase activity of plasma of 
rachitic chicks when the enzyme preparations were 
stored at 2-5°. A was obtained with oxalated blood 
diluted with saline prior to removal of cells by centrifuga- 
tion, and B was obtained with cell-free plasma diluted 
with saline 15 min. prior to determination of activity; 
0-08m-Na glycerophosphate, pH 9-88, 0-005m-MgCl, and 
time of hydrolysis 15 min. 


samples, taken at intervals of 3 or 4min., the 
phosphorus liberated varied only between 0-502 
and 0-509 mg., during a reaction period of 5 min. 
at 30°. 

In the light of the results of these experiments on 
the stability of the enzyme, the following standard 
procedure for the preparation of the enzyme was 
adopted whenever comparative studies, extending 
over a period of a day or two, were to be made on the 
same pooled sample of oxalated blood; the cells were 
removed by centrifugation, the undiluted plasma 
was stored at 2-5° until required, and the activity was 
determined not later than 30 min. after diluting the 
plasma with saline. 

Effect of sodium chloride and of sodium oxalate on 
phosphatase activity. When the phosphatase activity 
of the plasma is at a high level, as in the case of 
severely rachitic chicks, it is convenient to work with 
smaller volumes of the saline plasma solution than 
those employed in studies of less active plasma. If 
the same volume of final reaction mixture is em- 
ployed in all cases it is necessary to determine 
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whether or not sodium chloride, present in the re- 
action mixture in different concentrations, influences 
the phosphatase activity of the system. It was found 
that the activity is not affected by variation in the 
concentration of the salt between 0-13 and 1-72% 
(w/v) in the reaction mixture, the phosphorus 
liberated at ten different concentrations varying 
only between 0-770 and 0-790 mg. 


In studies of the influence of oxalate, Belfanti, Contardi & 
Ercoli (19354, b) found no effect on the alkaline phosphatase 
of rabbit liver and kidney, but they observed considerable 
inhibition of the alkaline phosphatase of horse and rabbit 
sera. Bodansky (1933) calculated the average phosphatase 
activity of oxalated plasma to be 90% of the activity of 
serum. Auchinachie & Emslie (1934), on the other hand, 
could find no significant difference in phosphatase activity 
between the serum and oxalated blood plasma of chickens. 


We have found that sodium oxalate, in concen- 
trations up to 0-00625m in the reaction mixture, had 
no appreciable effect on the activity of the plasma 
phosphatase of rachitic chicks, the phosphorus 
liberated varying only between 0-98 and 1-01 mg. at 
nine different levels in a particular experiment. The 
plasma was prepared by collecting arterial blood 
from twenty chicks directly into saline solution con- 
taining no oxalate, and removing the cells by centri- 
fugation. The oxalate was added to the digestion 
mixture, and the activity of the enzyme was 
measured under conditions which were optimum with 
respect to the concentration of substrate and of 
Mg*t+ and H+. In all the other studies reported in 
this paper the concentration of oxalate in the re- 
action mixture fell within the range 0-0005-0-001 Mm. 

Effect of dilution on the activity of the enzyme. The 
studies reported thus far were designed to establish 
the optimum conditions for the activity of the 
enzyme. But before adopting any set of conditions 
for the routine assay of plasma for phosphatase 
activity, it is essential that under these conditions 
the activity of the enzyme in the reaction mixture 
shall bear a direct linear relationship to the concen- 
tration of the enzyme. 


This relationship was studied with an enzyme preparation 
obtained from a group of chicks which had received 10 units 
of vitamin D per 100g. of ration, the plasma having a 
relatively high concentration of enzyme. The cells were 
removed by centrifuging the pooled oxalated blood, 
different volumes of plasma were measured accurately and 
diluted to 40 ml. with saline, and the hydrolysis was 
carried out, as described previously, in reaction mixtures 
containing 0-08 m-Na glycerophosphate and 0-005 M-MgCl, at 
pH 9-88 and 30° during a reaction period of 15 min. 


A linear relationship was found between the 
activity of the system and the concentration of the 
enzyme up to a concentration of 0-75 ml. of un- 
diluted plasma in 20 ml. of digestion mixture. In 
most of the studies reported in this paper, the 
volume of saline plasma present in each reaction 
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mixture of 20 ml. represented 0-25 ml. of undiluted 
plasma. In no case did the volume of diluted plasma 
in the reaction mixture represent more than 0-75 ml. 
of original plasma. 

Effect of vitamin D in the diet of the chick on the 
optimum conditions for plasma phosphatase activity. 
In the experiments hitherto discussed, representa- 
tive samples of plasma were obtained from chicks 
reared on diets consisting either of the basal ration 
alone or of the basal ration supplemented with 
vitamin D in amounts up to 20 units per 100 g. of 
ration. In view of the fact that vitamin D deficiency 
has been shown to be associated with abnormalities 
in the composition of the blood, it is necessary to 
know, if one wished to compare the plasma phos- 
phatase of rachitic chicks with that of chicks fed 
vitamin D in the diet, whether these abnormalities 
have any influence on the optimum conditions for 
the activity of the enzyme in vitro. 


For the purpose of obtaining this information two lots of 
plasma were prepared from the blood of two groups of 
forty chicks each. One group had received no vitamin D 
supplement and the other 20 units of vitamin D, per 100 g. 
of basal ration during a period of 3 weeks extending from 
1 day of age to the time of the preparation of the plasma. 
The phosphatase activity of the two preparations was in- 
vestigated in relation to the following factors: (1) influence 
of pH on the activity in mixtures containing 0-08m-Na 
glycerophosphate and 0-005m-MgCl, ; (2) influence of sub- 
strate concentration in mixtures containing 0-005m-MgCl, 
and adjusted to the pH optima previously established for 
the several substrate concentrations employed; (3) in- 
fluence of MgCl, in various concentrations, in mixtures 
containing 0-08m-Na glycerophosphate and adjusted to 
pH 9-88. 


No significant difference between the two prepara- 
tions with respect to any of the factors mentioned 
was observed, although the activity of the rachitic 
plasma was found to be considerably higher than 
that of the plasma of chicks which had received 
vitamin D, when the two activities were measured 
under the same conditions. It was concluded that 
the optimum conditions previously established can 
safely be adopted in comparative studies of the 
activity of the enzyme of rachitic chicks and of those 
which receive supplements of vitamin D in their diet. 

The possibility of diurnal variation in phosphatase 
activity. Since blood samples were usually collected 
between the hours of 9a.m. and 3p.m. it was 
desirable to know whether the phosphatase activity 
of the morning samples might differ from that of the 
afternoon preparations. 


Two groups of chicks were used in this study; one group 
of chicks received no vitamin D supplement, while another 
group received a supplement of 10 units of vitamin D per 
100 g. of the basal diet. At the end of 3 weeks one-half 
of the chicks in each group were killed at 9 a.m. and the 
other half at 3 p.m. The percentage ash of the pooled tibiae 
from each half of the two groups was determined in order to 








192 


serve as a check in considering any differences in the phos- 
phatase activity of the plasma, but there was no significant 
difference in ash content. 

There was also no difference between the phos- 
phatase activities of the preparations obtained, the 
activity being 0-873 and 0-885 for the morning 
samples of the two groups, and 0-888 and 0-860 for the 
afternoon samples. This observation was not un- 
expected, in view of the fact that food was con- 
tinuously available to the chicks from 6 a.m., the 
time at which the lights were turned on, until the 
time at which the chicks were killed. 


SUMMARY 


1. Plasma-phosphatase activity was inhibited by 
ammonium hydroxide-ammonium chloride buffer 
system to a varying degree depending on the con- 
centration of buffer. On the other hand, variation in 
the concentration of the veronal-carbonate buffer 
from 0-0025 to 0-025 in the reaction mixture had 
no effect on the activity of the enzyme. 

2. The rate of hydrolysis of 0-08M-sodium gly- 
cerophosphate at the optimum pH 9-88 and in the 
presence of 0-005M-Mgt* was found to be linear for 
at least 60 min., while the hydrolysis of 0-06m- 
substrate at the optimum pH 9-86 without added 
magnesium chloride was linear for only 30 min. 

3. The optimum pH for the activity of plasma 
phosphatase was shown to be dependent on the con- 
centration of substrate in the reaction mixture. With 
pure sodium f-glycerophosphate, in the presence of 
0-005M-magnesium chloride, the optimum shifted 
from pH 9-65 for the hydrolysis of 0-004M-substrate 
to approximately pH 9-88 for the hydrolysis of 
0-08m-substrate. 

4. The activity of plasma phosphatase appears to 
be maximal when the substrate concentration is 
about 0-08 in the reaction mixture. 

5. The concentration of Mg++ in the reaction 
mixture required for maximum activation of chick- 
plasma phosphatase for the hydrolysis of 0-08m- 
sodium glycerophosphate at the optimum pH was 
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found to be 0-005m. Further additions up to 0-02m 
had no effect on the maximum rate of hydrolysis, 
The optimum concentration of Mg++ was not affected 
by the concentration of enzyme in the digestion 
mixture. 

6. The activity of plasma phosphatase was found 


to decrease very rapidly when the blood was diluted } 


with saline before the cells were removed by centri- 
fugation, and the saline plasma solution stored at 
2-5°. However, when the cells were removed from 
the plasma before dilution with saline, no loss in 
enzyme activity was evident for at least 2 weeks’ 
storage at 2-5°. 

7. Concentrations of sodium chloride, varying 
from 0-135 to 1-72 % (w/v) in the reaction mixture, 
had no appreciable effect on plasma-phosphatase 
activity under the optimum conditions of pH, sub- 
strate and Mg++ concentration. Sodium oxalate, in 
concentrations up to 0-00625m in the reaction 
mixture, similarly had no effect on the activity of 
the enzyme under optimum conditions. } 

8. A linear relationship was found to exist 
between activity and concentration of enzyme at 
least as high as 0-75 ml. of plasma per 20 ml. of 
digestion mixture. In studies on the optimum con- 
ditions for plasma-phosphatase activity 0-25 ml. of | 
plasma were used in 20 ml. of reaction mixture. 

9. The previously established conditions for 
optimum activity of plasma phosphatase were not 
affected by the absence or presence of vitamin D in 
the chicks’ ration. The phosphatase activity of the 
plasma of chicks which received no vitamin D in 
their diet was found to be considerably higher than 
that of chicks which received 20 units of vitamin D 
per 100 g. of ration. 

10. No appreciable difference in activity of 
plasma phosphatase could be found during the 
period of the day in which the blood samples were 
collected, i.e. 9 a.m. to 3 p.m. 


~ 


The authors wish to thank Miss M. Briggs, Mr D. Smith 
and Mr W. Kellam for their assistance in the preparation of 
the experimental material. 
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Studies on the Plasma Phosphatase of Normal and Rachitic Chicks 


2. RELATIONSHIP BETWEEN PLASMA PHOSPHATASE AND THE PHOSPHATASES 
OF BONE, KIDNEY, LIVER AND INTESTINAL MUCOSA 


By I. MOTZOK 
Department of Animal Nutrition, Ontario Agricultural College, Guelph, and Department of Biochemistry, 
University of Toronto, Canada 


(Received 7 February 1950) 


During the course of a study (Motzok & Wynne, 
1950) of the alkaline phosphatase of chick plasma it 
was shown that the phosphatase activity of the 
plasma of chicks reared on a diet containing no 
vitamin D was greater than the activity of the 
plasma obtained from chicks which received supple- 
ments of vitamin D in addition to the basal diet. 


There is much evidence which suggests that in these 
rachitic disorders the increase in the activity of plasma 
phosphatase is, in general, directly related to the severity of 
the condition (see Moog, 1946). The interpretation of the 
increased activity of the enzyme in the plasma phosphatase 
as evidence of increased concentration of the enzyme in the 
plasma, however, has been questioned by Thannhauser, 
Reichel, Grattan & Maddock (1938), who suggest that the 
abnormally high levels of activity may be due to the effects 
of an activator which is present in abnormal, but not in 
normal, plasma. That this is the true explanation seems un- 
likely, in view of the work of Williams & Watson (1940, 
1941), of Delory & King (1944), and of Gould (1944). The 
majority of workers support the view that relative phos- 
phatase activities can safely be interpreted in terms of 
relative concentrations of enzyme, provided that the activi- 
ties are measured under standardized and optimum condi- 
tions. Unfortunately this last provision has not always been 
fulfilled. 

The problem of the origin of the increased phosphatase 
content of the plasma in pathological conditions of various 
kinds has been extensively investigated. No attempt will be 
made in this paper to review the literature relating to this 
problem; valuable. discussions of its several aspects have 
been contributed by Robison (1932), Kay (1933), Folley & 
Kay (1936), Jaffe & Bodansky (1943), Morris (1944) and 
Moog (1946). 

Many investigations have shown that alkaline 
phosphatase is present in high concentrations in the 
epiphysial zone and periosteum of bones and in the 
intestinal mucosa and kidneys, while the liver 
usually contains a relatively much smaller amount of 
the enzyme. The present communication presents 
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evidence that the increased alkaline plasma phos- 
phatase of rachitic chicks is of skeletal origin, that 
the amounts of alkaline phosphatase in the in- 
testinal mucosa, kidney and liver are not related to 
the vitamin D content of the diet, and that it is un- 
likely that these three tissues constitute the source 
of any appreciable amount of the elevated plasma 
phosphatase in rachitic chicks. 


EXPERIMENTAL 


As stated previously (Motzok & Wynne, 1950), the primary 
purpose of these investigations was to determine whether or 
not, in rachitic chicks, a quantitative relationship exists 
between the level of plasma phosphatase on the one hand, 
and the severity of the rachitic condition as ordinarily 
expressed in terms of bone ash, on the other. In order to 
obtain trustworthy information with respect to the amount 
of phosphatase in the plasma, for subsequent use in the 
development of a method for the assay of vitamin D pre- 
parations, it was necessary to establish as carefully as 
possible the optimum conditions for the activity and 
stability of the enzyme in vitro. On the other hand, for the 
purpose of determining whether or not changes in the level 
of dietary vitamin D have any appreciable influence on 
the phosphatase content of the tissues it was considered 
sufficient to establish only the more important conditions 
for the optimum activity of the enzymes from these sources. 
Accordingly, the optimum pH and Mg** concentration 
were determined for the hydrolysis of a relatively high 
concentration of Na glycerophosphate (0-05m), and then, 
using these optimum values, the concentration of substrate 
required for maximum activity was determined. 
Single-comb White Leghorn day-old chicks were used in 
all experiments. They were fed, ad lib., for 3 weeks on the 
basal diet recommended by the Association of Official 
Agricultural Chemists (1940) for the chick assay of vitamin 
D, supplemented by graded amounts of cod liver oil 
previously assayed for vitamin D. The amounts of vitamin D 
added to the basal diet were 0, 10, 20 and 40 units/100 g. of 
ration. The recommended allowance of vitamin D for chicks 
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is 40 units/100 g. of ration (U.8.A. National Research Council, 
1944). At the end of the feeding period at least twenty 
chicks in each dietary group were killed by decapitation and 
blood samples were collected. The liver, kidneys, small 
intestines and one tibia were removed from each chick; the 
tissues were pooled and extracted in the manner described 
below and phosphatase activities were determined im- 
mediately after preparation of the extracts. 


Preparation of tissue phosphatase 


Bone. The tibiae were freed from adhering tissue, weighed 
in a weighing bottle, and subsequently cut into small pieces 
which were further broken up in a Waring blender contain- 
ing about 200 ml. of distilled water. The suspension was 
then diluted to such a volume that 100 ml. contained 1 g. of 
bone. After allowing the coarse material to settle out, the 
suspension was centrifuged; the supernatant liquid was 
siphoned off and used for phosphatase determinations. 

Intestine. Only the first half of the duodenum was used; 
the contents were washed out with a stream of distilled 
water, the sections were turned inside out and washed with 
four changes of 0-9% saline, followed by one washing with 
distilled water. The mucosa was removed with a bone 
spatula, thoroughly dispersed in distilled water in a Waring 
blender, and finally diluted to give a concentration of 1 g. of 
mucosa (dry weight basis) per litre of suspension. 

Kidney and liver. The method of preparation of the 
enzyme extracts was the same for both organs. They were 
weighed in weighing bottles immediately after removal, 
washed once with distilled water, and macerated in distilled 
water in a Waring blender. The suspensions were then 
diluted to such volumes that 100 ml. contained 1 and 2 g. 
(wet wt.) of kidney and of liver, respectively. The suspen- 
sions were centrifuged and the supernatant solutions, con- 
taining the enzyme, were siphoned off. 


Determination of phosphatase activity 


The method for the determination of plasma phosphatase 
activity, which has been outlined previously by Motzok & 
Wynne (1950), was used for the determination of the phos- 
phatase activity of the various tissues. Disodium glycero- 
phosphate (Na,C;H,;(OH),PO,.53H,O, mol. wt. 315-15) 
which was found later to contain approximately 33% of the 
«-ester and 67% of the B-ester, was used in all the investi- 
gations reported in this paper. The activities of tissue phos- 
phatase are expressed as mg. of inorganic P liberated in 
15 min. at 30° from 0-05M-Na glycerophosphate in mixtures 
containing the optimal concentrations of Mgt+ at the 
optimum pH (measured at room temperature), by the 
enzyme in extracts corresponding to 1 g. (wet wt.) of bone, 
kidney or liver and to 1 g. (dry wt.) of intestinal mucosa. In 
all cases the initial zero order rates of reaction were 
determined. 


RESULTS AND DISCUSSION 


Properties of the phosphatases of bone, 
kidney, liver and intestinal mucosa 


Optimum pH. The influence of pH on the activity 
of the phosphatase of intestinal mucosa, bone, 
kidney and liver tissue is illustrated in Figs. 1 and 2, 
curves A-—D, respectively. The optimum pH for 
bone, kidney and liver phosphatases (pH 9-85) is 
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identical with that previously found for the plasma 
phosphatase (Motzok & Wynne, 1950), when the 
concentration of glycerophosphate in the digestion 
mixture is 0-05m in all four cases. On the other 
hand, the phosphatase of intestinal mucosa exhibits 
greatest activity at a more acid pH, namely, pH 9-20 
for 0-05m-substrate. The optimum range of pH for 
kidney and liver phosphatase was wider than that 
for the enzyme of bone and much wider than that 
for the enzyme of intestinal mucosa. 
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Fig. 1. Effect of pH on the hydrolysis of 0-05 M-Na glycero- 
phosphate by the phosphatase of intestinal mucosa 
(A), and bone tissue (B) of rachitic chicks in the presence 
of 0-01M- and 0-005M-MgCl,, respectively, during a re- 
action period of 15 min. 
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Fig. 2. Effect of pH on the hydrolysis of 0-05m-Na glycero- 

phosphate by the phosphatase of kidney tissue (C), and 
liver tissue (D) of rachitic chicks in the presence of 
0-005 m-MgCl, during a reaction period of 15 min. 
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On the basis of the pH optima, one may conclude 
that it is unlikely that the rise in the level of plasma 
phosphatase associated with rickets is the result of 
‘leakage’ of the enzyme from the intestine, but that 
the bone, kidney or liver, or all three tissues, might 
be the source of the increase of the enzyme in the 
plasma. 
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Optimum concentration of Mg ions. Maximum 
activity of the phosphatase of intestinal mucosa was 
observed in mixtures containing 0-01M-Mg*++, In- 
creasing the concentration of Mg++ up to 0-02m did 
not change the rate of hydrolysis of 0-05m-glycero- 
phosphate at pH 9-20. These findings are in general 
agreement with those of Bakwin & Bodansky (1933) 
and of Macpherson (1942), who used rats. It should 
be kept in mind, however, that the concentration of 
substrate used in the present study may not be 
optimum for the phosphatase of the intestinal 
mucosa of rats. The agreement of these data with 
those obtained by workers studying mammalian 
intestinal phosphatase may, therefore, be coin- 
cidental. 
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basis for the determination of the effect of dietary 
vitamin D on the level of phosphatase in the several 
tissues. These conditions were adopted in the follow- 
ing study. 


Effect of dietary vitamin D on the phosphatase 
content of plasma and tissues 


The possible source of the increased phosphatase 
of the plasma was investigated by studying the effect 
of varying amounts of vitamin D in the diet of chicks 
on the phosphatase content of their bone, kidney, 
liver, intestinal mucosa and plasma. As in the 
previous experiments, the several enzyme solutions 
were pooled extracts obtained from at least twenty 
chicks in each dietary group. From the data which 


Table 1. The effect of vitamin D in the diet of chicks on the plasma- and tissue-phosphatase activities 


Phosphatase activity (mg. P) 





Units of 
vitamin D/ cr 
100 g. of 
ration Plasma Bone 
0 1-65 20-8 
10 1-08 14-9 
20 0-497 2-96 
40 some — 


The activities of the phosphatases of bone, kidney 
and liver tissues were found to be maximal in the 
presence of 0-005M-Mg**, the same concentration as 
that required for maximum activity of chick-plasma 
phosphatase (Motzok & Wynne, 1950), and half that 
required for maximum activity of the intestinal 
phosphatase of the chick. 

Optimum substrate concentration. The concentra- 
tion of substrate chosen for the foregoing studies of 
the properties of the tissue phosphatases was 0-05. 
After the optimum pH and optimum concentration 
of Mg++ had been established for the several phos- 
phatase preparations, it was thought advisable to 
determine whether or not the concentration of sub- 
strate was adequate for maximum rate of hydrolysis 
under these conditions. With the concentration of 
enzyme employed and in the presence of H+ and 
Mg*+ at the optimum concentrations established for 
0-05m substrate, maximum activities of the phos- 
phatase of intestinal mucosa and of kidney tissue 
were obtained with approximately 0-03m-Na gly- 
cerophosphate, and for the phosphatases of bone and 
liver, with 0-05m-glycerophosphate. In no case did 
increase in the concentration of substrate to 0-06M 
appreciably change the rate of hydrolysis. 

Extensive investigations of the relationship 
between optimum pH and concentration of sub- 
strate, similar to the studies on plasma phosphatase 
(Motzok & Wynne, 1950), are required in order to 
evaluate fully the apparent differences between the 
phosphatases of the various tissues. In the meantime, 
the above information on the optimum conditions for 
the activity of the tissue enzymes gives an adequate 


Intestinal 
mucosa Kidney Liver 
47-7 10-2 1-86 
71-6 12-7 1-96 
60-6 12-4 1-80 
— 9-7 1-84 


are presented in Table 1 it can be concluded that the 
phosphatase activities of the bone and plasma are 
markedly influenced by the vitamin D in the diet. 
A direct and approximately linear relationship was 
observed when bone-phosphatase activities ob- 
tained at different levels of dietary vitamin D were 
plotted against the corresponding plasma-phos- 
phatase activities. In the case of both enzymes the 
activities were found to vary inversely with the 
amount of vitamin D in the diet. The levels of 
phosphatase activity of kidney and liver extracts 
were, on the other hand, quite unrelated to the 
vitamin D content of the diet. Some variation was 
observed in the activity of the phosphatase of in- 
testinal mucosa, but there appeared to be no 
correlation of this variation with the level of vitamin 
D intake. 

The present findings support the view that the 
skeleton is the main source of the increased plasma 
phosphatase in rachitic chicks. The results also 
suggest that the level of plasma phosphatase may 
constitute a suitable criterion for the assay of 
vitamin D preparations. A detailed study of this 
possibility has been carried out and is described in 
another paper (Motzok, 1950). 


SUMMARY 


1. The pH optimum for the hydrolysis of 0-05m- 
sodium glycerophosphate was found to be 9-85 for 
the phosphatase of chick bone, kidney and liver and 
9-2 for the phosphatase of the intestinal mucosa. 
In digestion mixtures containing optimum concen- 
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trations of H+ and of substrate, maximum phos- 
phatase activity was obtained at a concentration 
of 0-005M-magnesium chloride with the enzymes of 
bone, kidney and liver, and a concentration of 
0-01m with the intestinal phosphatase. 

2. The phosphatase activities of the plasma and 
of bone extracts were found to increase markedly 
and in an approximately parallel manner with 
diminishing consumption of vitamin D, but those of 
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the extracts of liver, kidney and intestinal mucosa 
were not related to the vitamin D intake. These 
findings support the view of other workers that the 
increase in plasma phosphatase in rachitic conditions 
is chiefly the result of ‘leakage’ of the enzyme from 
the bones into the blood stream. 

The author wishes to thank Dr A. M. Wynne for advice 
and for reading the manuscript. The technical assistance of 
Mr D. Smith and Mr W. Kellam is gratefully acknowledged. 
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3. THE ASSAY OF ANTIRACHITIC PREPARATIONS BY A METHOD BASED ON 
THE DETERMINATION OF PLASMA PHOSPHATASE ACTIVITY 


By I. MOTZOK 
Department of Animal Nutrition, Ontario Agricultural College, Guelph, and Department of Biochemistry, 
University of Toronto, Canada 


(Received 7 February 1950) 


For the determination of vitamin D potency of fish 
liver oils and other vitamin D-containing substances 
used in poultry feeding, the Association of Official 
Agricultural Chemists (1940), and the British 
Standards Institute (1940) recommend a procedure 
based on the determination of bone ash. In this 
method the potency of a vitamin D preparation is 
determined by comparing the bone-ash values, ob- 
tained with the material of unknown potency, with 
the values obtained with the standard vitamin D 
preparation. While this is perhaps the most accurate 
and commonly used chick method, the freeing of the 
bones from adhering tissue and the extraction of the 
lipid materials are tedious and time-consuming 
processes. In comparison with the preparation and 


treatment of the bones, the determination of 
plasma phosphatase activity is a relatively rapid 
procedure. 

As was pointed out previously (Motzok & Wynne, 
1950), the increase in the alkaline phosphatase 
activity of blood has been correlated with the degree 
of rickets by many investigators. In the case of 
both animals and man, however, no intensive study 
of the quantitative relationship between the severity 
of the rachitic condition and the amount of alkaline 
phosphatase in the plasma has been reported in the 
literature. The investigations described in this paper 
are concerned with the comparison of two methods 
for the estimation of antirachitic potency of vitamin 
D preparations: (a) the bone-ash method as outlined 
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by the Association of Official Agricultural Chemists 
(1940), (6) a method based on the determination 
of phosphatase activity of the plasma of the chicks 
used in method (a). 


EXPERIMENTAL 


Fifteen preparations of vitamin D were assayed by both the 
bone-ash and plasma-phosphatase methods. The potency of 
three of the antirachitic substances, a cod liver oil, a pre- 
paration of vitamin D, in corn oil, and a sample of dihydro- 
tachysterol (samples nos. 1-3), had been previously assayed 
by the A.O.A.C. chick method (1940), using forty chicks for 
each of three levels of vitamin D in the ration. In the 
present study the basal ration was supplemented with 
known amounts of the vitamin. The other antirachitic sub- 
stances included four preparations of cod liver oil (samples 
nos. 4-7), one preparation of vitamin D, in a fish meal base 
(sample no. 8), three preparations of vitamin D, in crude 
wheat flour (samples nos. 9-11) and four preparations of 
vitamin D, in corn oil (samples nos. 12-15). The last twelve 
preparations had not been assayed previously, and were fed 
at levels determined by the assumed potencies designated 
by the manufacturers. All vitamin D, preparations em- 
ployed were synthetic products. 

The procedure outlined by the A.O.A.C. (1940) was 
followed in the treatment of the chicks and in the determina- 
tion of percentage bone ash. The ash content was deter- 
mined on pooled tibiae for each test. 

In the present study approximately 3600 chicks were 
employed. The A.O.A.C. (1940) recommends the use of 
twenty chicks for each level of vitamin D for both reference 
and assay preparations. However, Motzok, Hill & Branion 
(1943) and the Animal Vitamin Research Council (1944) 
have pointed out that one of the greatest sources of error in 
this method is the difference in the response of individual 
chicks to a given dose of vitamin D. Accordingly, for 
the purpose of reducing the error due to variation in the 
response of individuals, approximately forty chicks were 
used in the present study for each of three levels of dietary 
vitamin D (10, 15 and 20 units/100 g. of ration) for both the 
assay and the reference oils. 

The plasma for the phosphatase tests and the tibiae for 
the bone-ash determinations were obtained from the same 
chicks. Calculations of the potency from both the bone-ash 
data and the plasma-phosphatase activities were made by 
the statistical method employed by Knudsen & Tolle (1940). 

The method for the preparation of plasma phosphatase 
has been described previously (Motzok & Wynne, 1950). 
Test tubes of approximately 30 ml. capacity were used for 
the reaction mixtures. To each tube were added the fol- 
lowing reagents: 5 ml. of 0-05m-veronal-carbonate buffer, 
pH 10-1; 4 ml. of 0-4m-Na glycerophosphate and 1 ml. of 
0-01m-MgCl,. The tubes were fitted with rubber stoppers, 
placed in a water bath at 30°, and allowed to reach this 
temperature. The enzyme preparations were warmed to 30° 
separately in suitable flasks. Exactly 10 ml. of the enzyme 
solution were added to each test tube containing the buffer, 
substrate and MgCl,, and after replacing the stoppers, the 
contents of the tubes were mixed thoroughly by inversion 
and shaking. The pH of the mixture was 9-88—9-90 (measured 
at room temperature, approx. 25°). The tubes were again 
placed in the water bath, and the hydrolysis was allowed to 
proceed for exactly 15min. At the end of the digestion 
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period the contents were mixed by shaking. A 4 ml. 
sample was drawn from each tube and transferred to 3 ml. 
of 15% (w/v) trichloroacetic acid in a centrifuge tube. The 
contents of the tube were thoroughly mixed and the pre- 
cipitated proteins were thrown down by centrifugation. 
Control tubes containing 4 ml. of distilled water in place of 
substrate solution were included in all experiments. The 
amount of liberated inorganic phosphate was determined by 
the method outlined previously (Motzok & Wynne, 1950). 


RESULTS AND DISCUSSION 


Under the conditions specified in the A.O.A.C. (1940) 
chick method of vitamin D assay, the percentage ash 
of the tibiae varies with the amount of vitamin D 
fed ; the regression of percentage ash on the dosage of 
vitamin D is curvilinear and is of an exponential 
nature. The logarithm of the weight of the dose of 
vitamin D gives a direct linear relationship with the 
percentage ash in the bone (Knudsen & Tolle, 1940). 
In the present study the phosphatase activities were 
also found to give a linear relationship when plotted 
against the logarithm of the weight of the dose of 
vitamin D (Fig. 1), but the proportionality was in- 
verse in nature. 
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Fig. 1. Relationship between plasma phosphatase activity 
of chicks and the logarithm of the weight of dose of 
reference cod liver oil. 


The Association of Official Agricultural Chemists, in its 
recommendation of the chick bone-ash procedure (1940), 
does not specify the accuracy of the method. When this tech- 
nique was adopted in 1940 by the accredited laboratories* 
for vitamin D assay in Canada, the limits of error were 
arbitrarily set at + 20%. These same limits of error are used 
in comparing the potencies given by the bone-ash and 
plasma-phosphatase methods in the present study. 


The potencies of the fifteen antirachitic substances 


as estimated by the bone-ash and plasma-phos- 
phatase methods are recorded in Table 1. The 


* Division of Chemistry, Central Experimental Farm, 
Ottawa; University of British Columbia, Vancouver; 
Department of Animal Nutrition, Ontario Agricultural 
College, Guelph; and the Ontario Research Foundation, 
Toronto. 








Sample Description of vitamin D 

no. preparation 

1 Cod liver oil 

2 Vitamin D, in corn oil 

3 Dihydrotachystero] in oil 

+ Unfortified cod liver oil 

5 Unfortified cod liver oil 

6 Unfortified cod liver oil 

7 Fortified cod liver oil 

8 Vitamin D, in fish meal 

9 Vitamin D, in crude wheat flour 
10 Vitamin D, in crude wheat flour 
11 Vitamin D, in crude wheat flour 
12 Vitamin D, in corn oil 
13 Vitamin D, in corn oil 
14 Vitamin D, in corn oil 
15 Vitamin D, in corn oil 


* U.S.P. Standard Reference Cod Liver Oil No. 2, stated to contain 115 A.O.A.C. chick units of vitamin D per g. of oil. 
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Table 1. The potency, in units of vitamin D per g., of fifteen antirachitic substances determined 
by the official bone-ash method and by the plasma-phosphatase method 


Assayed potency 


Srey, 
Assumed Bone-ash Phosphatase 
potency method method 
115* 119 116 
400+ 360 392 
800t 815 782 
100 78 66 
130 163 175 
100 110 131 
400 300 329 
200 300 265 
2000 4100 3380 
2000 3640 3760 
5000 9750 6900 
400 430 380 
550 347 307 
400 294 220 
400 400 560 


+ Previously assayed in this laboratory and found to contain 400 A.O.A.C. chick units of vitamin D per g. of preparation. 

{ Hytakerol, purchased from the Winthrop Chemical Company, Inc., U.S.A. stated to contain the equivalent of 1-25 mg. 
crystalline dihydrotachysterol per ml. and previously assayed in this laboratory and found to have an antirachitic potency 
equivalent to 800 A.O.A.C. chick units of vitamin D per g. of the commercial preparation. 


potencies of the first three preparations of vitamin D 
(samples nos. 1-3) estimated by the bone-ash and 
plasma-phosphatase methods are in very good agree- 
ment with each other, as well as with the potencies 
previously established. Sample no. 1, a cod liver oil, 
stated by the U.S. Pharmacopoeia to contain 115 
A.O.A.C. chick units per g., was assayed to contain 
119 and 116 A.O.A.C. chick units per g. by the bone- 
ash and the phosphatase methods, respectively. The 
potencies of sample no. 2, a vitamin D, preparation 
in corn oil, and sample no. 3, a preparation of di- 
hydrotachysterol, were previously established in this 
laboratory to be 400 and 800 A.O.A.C. chick units 
per g. respectively. In the present study these two 
preparations were found by the bone-ash method to 
contain 360 and 815 units and by the phosphatase 
method 392 and 782 units, respectively. 

In the case of three samples of unfortified cod liver 
oil and one of fortified cod liver oil (samples nos. 4-7) 
the values obtained by the phosphatase method were 
within the arbitrarily chosen limits of agreement of 

+20% of the potencies obtained by the bone-ash 
method. 

The two methods were also within the limits of 
agreement of +20% in the détermination of one 
sample of vitamin D, in a fish-meal base and of two 
preparations of vitamin D, in crude wheat flour 
(samples nos. 8-10). In the assay of a third prepara- 
tion of vitamin D, in crude wheat flour (sample no. 
11) the potency given by the phosphatase method 
was approximately 29% below that given by the 
bone-ash procedure. But the values obtained by 
both methods were considerably higher than the 
potency stated by the manufacturer. In the assay 


of two of the preparations of vitamin D, in corn oil 
(samples nos. 12 and 13) the two methods were 
within the limits of agreement of + 12%, whereas in 
the assay of the other two preparations of vitamin D, 
in corn oil the potencies given by the phosphatase 
method were approximately 25 % lower for sample 
no. 14 and 40% higher for sample no. 15 than the 
values obtained by the bone-ash method. 

From these data it is observed that the agreement 
between the values obtained by the bone-ash and 
phosphatase methods was within + 12 % for each of 
nine of the vitamin D preparations and within the 
range + 12to + 20 % for three of the preparations. In 
the case of the other three preparations the values 
obtained by the two methods did not fall within the 
arbitrarily chosen limits of agreement of + 20%. 

The results obtained in the present investigation 
indicate that the phosphatase method for the assay 
of antirachitic substances may prove to be a useful 
alternative procedure. Further work is necessary, 
however, to establish fully the reliability of the 
method. 


SUMMARY 


1. The vitamin D potencies of fifteen antirachitic 
preparations were determined by two methods: 
(a) the bone-ash method, as outlined by the A.O.A.C., 
(b) a method based on determinations of the phos- 
phatase activity of the plasma of the chicks employed 
in method (a). 

2. For each of twelve of the preparations the 
two methods yielded potency values which agreed 
within the limits of + 20%. For nine of the twelve 
preparations the values obtained by the two methods 
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agreed within +12%. For three preparations of 
vitamin D,, one in crude wheat flour and two in corn 
oil, the potencies obtained by the phosphatase 
method differed from the value given by the bone- 
ash method by amounts varying from 25 to 40 %. 
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In previous papers, Tosic & Walton (1945, 1946a) 
described the effect of egg-yolk medium and some of 
its fractions on the respiration of bull spermatozoa, 
and found that the addition of egg yolk to whole 
semen (spermatozoa and seminal plasma) at first 
greatly increased the oxygen uptake, but as the 
reaction proceeded, respiration gradually decreased. 
This decrease was completely abolished by the 
addition of catalase or peroxidase. By dialysing the 
egg yolk it was further demonstrated that the non- 
dialysable portion contained substances which en- 
hanced the respiration and preserved the fertility of 
the spermatozoa. On the other hand, the dialysable 
portion contained a substance (or substances), the 
addition of which gave rise to inhibition of respira- 
tion. 

In the present paper further experiments are 
described in which washed suspension of spermato- 
zoa, instead of whole semen, and fractions separated 
from egg yolk, instead of egg-yolk medium, were 
used. The use of washed cells and separated egg-yolk 
fractions made it possible to analyse still further the 
mechanism of inhibition. Preliminary reports of 


this work have been published (Tosic & Walton, 
19466, Tosic, 1947a). 


MATERIALS AND METHODS 


Semen. The semen was obtained from Dexter bulls, kept 
for experimental work. Three or more days’ sexual rest was 
given to the bulls before each experiment. Samples were 
taken with the short type of artificial vagina (Walton, 1945), 
and precautions were taken to protect the spermatozoa from 
sudden falls in temperature (Chang & Walton, 1940). Two or 
three successive collections were taken from one bull for each 
experiment. 

Preparation of sperm suspensions. Provided the samples 
of semen were satisfactory as regards density and motility 
the separate ejaculations were mixed, and centrifuged at 
2000 rev./min. for about 25 min. The top layer of seminal 
plasma was removed by suction and replaced by the same 
volume of 0-066M-phosphate buffer (pH 7-4) at 37°. The 
spermatozoa were gently resuspended by means of a thin 
glass stirrer. The suspension was again centrifuged for about 
10 min. at 2000 rev./min., the opalescent liquid above the 
spermatozoa sucked off, and the sperm resuspended as 
before in sufficient volume of buffer to give a density of 
0-6-1-0 x 10° spermatozoa/ml. suspension. This is com- 
parable with the density of a good sample of bull semen. 
Damage to the spermatozoa is caused mechanically during 
resuspension, and therefore particular care should be taken 
during this operation. The washed sperm suspensions were 
used without delay for the manometric experiments. The 
density of spermatozoa in the semen and the suspensions 
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was measured with a Fuchs-Rosenthal cytometer (Macirone 
& Walton, 1938). 

Salts and reagents were of ‘A.R.’ purity. 

Phosphate buffer. 0-066mM-phosphate buffer, pH 7-4, con- 
taining 2 g. Na,HPO,.12H,O and 0-2 g. KH,PO, made to 
100 ml. with glass-distilled water, was used throughout the 
experiments, and is referred to as ‘ buffer’. 

Enzyme preparations. Catalase preparation, which has 
31% of the total Fe in form of haematin Fe, and a dry matter 
of 34-1 mg./ml., was prepared by the method of Keilin & 
Hartree (1945). We are indebted to Prof. D. Keilin for 
samples of cytochrome c and haematin, and to Dr T. Mann 
for a sample of peroxidase of Purpurogallinzahl (P.Z.) =200. 

Egg-yolk phosphate buffer medium. This was prepared by 
mixing buffer and egg yolk in the proportion of 1 : 1. Freshly 
laid hen eggs were used throughout these experiments. Care 
was taken to remove all egg white from the surface of the 
yolk by suction and washing with distilled water. To remove 
the yolk, the membrane was slit and the yolk poured into 
a measuring cylinder. The membrane was discarded. 

The preparation of egg-yolk fractions is described later. 
Fractions were tested at concentrations comparable to that 
of the fraction present in the egg-yolk buffer medium. 

Measurement of aerobic metabolism. The O, uptake was 
measured by means of Dixon’s modification of the Barcroft 
manometer (Dixon, 1944). In all the experiments the 
Barcroft vessel contained 4 ml. liquid, made up as follows: 
3 ml. of an isosmotic mixture of the buffer+egg yolk or a 
solution of the separated egg-yolk fraction, to which was 
added 1 ml. of the washed sperm suspension containing 
0-5-1-2 x 10® spermatozoa. In some experiments enzyme 
preparations and isolated egg-yolk fractions were added 
from ‘dangling cups’ during the course of an experiment. The 
gas phase was air; CO, was absorbed by KOH filter papers. 
Manometers were shaken in a water bath at 37°, and after 
10 min. equilibration the zero point was adjusted and the 
system closed by turning the taps. O, consumption was 
measured for up to 3 hr. Although sperm motility and meta- 
bolism may continue beyond this period, the risk of bacterial 
influence is increased, and the results of protracted measure- 
ments are less reliable. 

Measurement of motility. Before and after each manometric 
experiment, the motility and the morphological characters 
of the spermatozoa were examined microscopically in a 
layer of the sample under a cover-slip, at 37°, using a % in. 
objective. Although this method does not yield quantitative 
measurements, in most cases the difference in motility ob- 
served was sufficiently marked to warrant recording. 

Chemical estimations. Total N was determined by the 
micro-Kjeldahl method (cf. Chibnall, Rees & Williams, 
1943). NH, was estimated after vacuum distillation by the 
method of Parnas & Klisiecki (1926). Total P, after in- 
cineration (King, 1932), as well as before hydrolysis (P,), was 
determined colorimetrically (Fiske. & Subbarow, 1925). 
K,Fe(CN),-reducing substances before and after fermentation 
with baker’s yeast (Mann, 1946b) were estimated by the 
method of Hagedorn & Jensen (1923). Glucosamine esti- 
mations (Elson & Morgan, 1933) were made before and after 
hydrolysis in 2N-HCl for 4 hr. Ash was determined by 3 hr. 
ignition at 540°. 





RESULTS 


Effect of different substances on aerobic respiration 
and motility of washed spermatozoa. Before examin- 
ing the effect of egg yolk or its fractions on the 
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respiration of washed cells, the effect of the seminal 
plasma and other substances was investigated. The 
seminal plasma devoid of spermatozoa has no 
appreciable O, uptake; when added to washed 
spermatozoa it restores the initial rate of respiration. 
A typical experiment which illustrates the effects is 
shown in Fig. 1. 
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Fig. 1. Effect of fructose and seminal plasma (before and 
after fermentation with yeast) on O, uptake and motility 
of washed spermatozoa. Each Barcroft vessel contained 
660 million spermatozoa suspended in 3 ml. buffer. To 
vessel 1, no substrates were added; to vessels 2-7, 0-3 ml. 
and later 0-3 ml. substrate (or buffer) solution was added 
as indicated in the graph. Final volume made up to 4 ml. 
with buffer. a.r.=after fermentation with yeast. 

Curve 1, A A, washed sperm control; curve 2, 

A, washed sperm+0-3 ml. plasma or 2-5 mg. 

fructose added at 90 min.; curve 3, © ©, washed 

sperm + plasma after fermentation; curve 4, @ Oo. 

washed sperm + plasma after fermentation + plasma (A.F.) 

added at 90 min.; curve 5, @ @, washed sperm + 

plasma after fermentation +fructose added at 90 min.; 

curve 6, [-] [-], washed sperm + whole plasma; curve 7, 

i. washed sperm+whole plasma+plasma or 

fructose added at 90 min. 

There was no measurable O, uptake with seminal 
plasma alone. 























The concentration of spermatozoa in each Bar- 
croft vessel was 0-66 x 10°/4 ml. of medium. Twice- 
washed spermatozoa in buffer alone showed some 
respiration during the first hour. This may be due to 
residual exogenous substrates (fructose and its 
metabolic products, e.g. lactic acid), and possibly to 
endogenous substrates which are not removed by 
twice washing. After the first hour, however, re- 
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spiration falls to a very low level and motility is 
considerably reduced (curve 1). If, after 90 min. 
incubation, 0-3 ml. plasma is added to the Barcroft 
vessel by means of a dangling cup, respiratory 
activity and motility are almost completely restored 
(curve 2). It is clear from this that the seminal 
plasma contains a considerable concentration of 
available substrates. Identical results are obtained 
if 2-5 mg. of fructose is added in place of the 0-3 ml. 
of plasma (curve 2). It has long been known that 
seminal plasma contains reducing sugar which Mann 
(19464, b) has identified as fructose. 

Although fructose is the only fermentable sugar in 
seminal plasma, it is not the only substrate available 
for respiration and maintenance of motility. Seminal 
plasma, even if obtained by centrifugation of fresh 
semen, always contains lactate in addition to 
fructose. Treatment with yeast removes fructose but 
not lactate, and lactate maintains the O, uptake of 
washed sperm in apparently the same manner as 
fructose (Mann & Lutwak-Mann, 1948). If fructose 
is removed from seminal plasma by prior fermen- 
tation with yeast and twice-washed spermatozoa 
added, respiration and motility are considerably 
greater than in buffer alone (curve 3), but the rate 
falls off gradually after 1 hr. If at 90 min. incubation 
more plasma (after fermentation) is added there 
is partial restoration of respiration and motility 
(curve 4), and complete restoration if either fresh 
plasma or fructose are added (curve 5). If twice- 
washed spermatozoa are added to whole plasma as 
from the beginning of incubation, respiration and 
motility are maintained at a high level (curve 6). The 
addition of more plasma, or of fructose, at 90 min. 
incubation results in a slight increase in respiration 
possibly due to previous partial exhaustion of sub- 
strates (curve 7). The effect of fructose on main- 
taining respiration of bull spermatozoa is also shared 
by glucose, Du-lactate and pyruvate (Fig. 2, curves 
3-6), but not to any appreciable extent by ethanol, 
acetate, propionate, L-malate, fumarate, succinate 
or citrate. 

Glucose also completely supported motility, DL- 
lactate gave some support, but pyruvate and the 
other compounds listed above did not support 
motility. These findings are in general agreement 
with those of Lardy & Phillips (1943.4, b, 1945), Mann 
(1945a, b, 19466) and Humphrey & Mann (1949), 
reported for ram semen, except that in ram semen 
both acetate and propionate are utilized, and Lardy 
& Phillips (1944) report oxidation of acetate by bull 
spermatozoa. 

Under anaerobic conditions only fructose, glucose, 
mannose and galactose support motility (Redenz, 
1930, 1933; Ivanov, 1931). In the presence of 


O, lactate can also support both motility and 
respiration, but pyruvate, although capable of sup- 
porting respiration, is not utilizable as a substrate 
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for motility. On the other hand, galactose can sup- 
port motility, but not to any measurable extent the 
respiration. It is important to note here that 
respiration and motility are not invariably con- 
comitant processes even in the presence of O,, but 
when fructose and glucose are the substrates of 
fructolysis or glycolysis, both respiration and 
motility will be increased by these substrates. The 
seminal plasma containing a high concentration of 
fructose supports both respiration and motility. 
When fructose is removed by fermentation, both 
motility and respiration are maintained by the 
lactic acid formed prior to fermentation. 
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Fig. 2. Effect of fructose and sodium pyruvate on O, uptake 
and motility of washed spermatozoa in the presence and 
absence of re-dialysed egg yolk. Each vessel contained 
580 million spermatozoa suspended in the buffer to which 
were added different substrates, as shown in the graph. 
Final volume made up to 4 ml. with the buffer. 

Curve 1, ©——©, washed sperm + phosphate buffer; 
curve 2, @——®, washed sperm + phosphate buffer + re- 
dialysed egg yolk; curve3, /\ A, washed sperm + phos- 
phate buffer+42-5 wmol. fructose added at 60 min.; 
curve 4, [-]——E], washed sperm + phosphate buffer + 
85 pmol. Na pyruvate added at 60 min. ; curve 5, %J——l. 
washed sperm + phosphate buffer + re-dialysed egg yolk + 
85 pmol. Na pyruvate added at 60 min. ; curve 6, A A, 
washed sperm + phosphate buffer + re-dialysed egg yolk + 
42-5 pmol. fructose added at 60 min. 

















Effect of egg yolk and its dialysable and non- 
dialysable portions on spermatozoa. The O, uptake 
of a washed suspension of spermatozoa (Fig. 3) 
is at first greatly increased in presence of egg yolk 
(cf. curves 1 and 5), but in about 60 min. time there 
is a decline in the rate of O, consumption (cf. 
curves 5 and 6). The egg yolk has been fractionated 
by various treatments, and each fraction tested 


separately. 
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The first step of separation was achieved by 
dialysing egg yolk (1 vol.) in a cellophan tube against 
distilled water (1-25 vol.) at 1°, the dialysable 
portion being subsequently twice replaced by dis- 
tilled water every 48 hr. When recombined, the 
three dialysable portions yielded about 95 % of the 
total diffusible substances, the dry matter of which 
represented about 1-1% of the original egg yolk. 
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Fig. 3. Effect of egg yolk and its dialysable portion on O, 
uptake and motility of washed bovine spermatozoa. Each 
vessel contained 600 million spermatozoa suspended in the 
buffer to which were added different egg-yolk fractions as 
shown in the graph. Final volume made up to 4 ml. with 
the buffer. 

Curve 1, ©——©, washed sperm; curve 2, @—@, 
washed sperm + non-dialysable egg yolk; curve3, ®——@, 
washed sperm +dialysable portion of egg yolk; curve 4, 
@——@, washed sperm +dialysable and non-dialysable 
portions of egg yolk; curve 5, x x, washed sperm + 
egg yolk before dialysis; curve 6, -—-, linear course 
without inhibition. 





The non-dialysable portion was finally freed from 
the remaining dialysable substances (about 5 %) by 
dialysing for 48 hr. against 5 1. of distilled water. 
Before testing, the non-dialysable egg-yolk portion 
was re-dialysed against isosmotic phosphate buffer 
(pH 7-4), and the dialysable portion was evaporated 
at 50 mm. Hg pressure until the volume was equal 
to the water content of the original yolk, so that both 
the fractions were made isosmotic. 

When suspended in the mixture of non-dialysable 
egg-yolk portion with buffer, washed spermatozoa 
gave a somewhat reduced initial uptake (Fig. 3, 
curve 2) in comparison with the untreated egg yolk 
(curve 5), but the uptake continued at an almost 


unrestricted rate for the duration of the experiment 
and at the end of the experiment there was good 
motility of spermatozoa. The addition of the dialys- 
able substances to spermatozoa suspended in the 
buffer produced an initial rise followed by a marked 
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inhibition (cf. curves 1 and 3). If the dialysable 
substances are recombined with the non-dialysable, 
the effect of the original yolk is reproduced (curves 4 
and 5), which shows that during the preparation of 
the two fractions there was no appreciable change 
in the activity of the two egg-yolk fractions. The 
motility of spermatozoa was observed at the be- 
ginning of such experiments and at the end, usually 
after 180 min., and the findings are recorded in 
Fig. 3. The conclusions to be drawn from these 
experiments are: (a) that the non-dialysable portion 
of the egg yolk is capable of maintaining an almost 
unrestricted and high respiratory rate of the sperma- 
tozoa over a prolonged time, and that it supported 
sperm motility better than the untreated egg yolk; 
and (b) that the dialysable portion contains one or 
more substances, which at first give a slight en- 
hancing effect followed by a strong inhibition of 
aerobic metabolism and motility. 


Nature of the inhibitor of sperm respiration 
and motility 


Requirement of oxygen for the inhibitor formation 


To find out whether the inhibitor itself was present 
in the dialysable portion or whether it was formed 
from the dialysable fraction by the spermatozoa 
during aerobic or anaerobic metabolism the following 
experiment was performed. 


Into one Thunberg-Keilin tube 3-3 ml. of the phosphate 
buffer, containing 0-1 % fructose and 1-1 ml. washed sperm 
suspension (9x 108 spermatozoa/ml. suspension), were 
pipetted; into another tube 3-3 ml. of a mixture of the buffer- 
fructose and the dialysable portion (comparable in quantity 
with 1-65 ml. egg yolk) and 1-1 ml. of the sperm suspension 
were added. The tubes were at once evacuated at 50 mm. Hg 
pressure, and the air replaced with O,-free N,. Refilling with 
N, was repeated three times altogether. The tubes were 
incubated at 37°. At the same time a similar but aerobic 
experiment was in progress. In this case one manometric 
vessel contained 3 ml. of the phosphate buffer containing 
0-1% fructose and 1 ml. of the sperm suspension, whilst 
another contained 3 ml. of the mixture of the buffer-fructose, 
and the dialysable portion (as above) +1 ml. sperm sus- 
pension. Fig. 4 shows that in the sample containing the 
dialysable substances, after 50 min. there was pronounced 
inhibition (curve 1) as compared with the control (without 
the dialysable portion, curve 2). At this time the Thunberg- 
Keilin tubes, which were until then kept anaerobically 
sealed, were opened and 4 ml. portions of the contents 
pipetted into two separate Barcroft vessels. These were at 
once placed on the manometers, and after 10 min. aerobic 
equilibration, the manometers were adjusted to zero and O, 
uptake recorded (curves 3 and 4). Aerobically, both experi- 
ments ran for 3 hr. The sets of curves are plotted one above 
the other so as to allow an easy comparison. 


If the inhibitor of respiration itself had been 
initially present in the dialysable portion, or formed 
at the same rate anaerobically as it was aerobically, 
sufficient of the inhibitor would have been present 
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or formed in 50 min. of anaerobic incubation, to 
cause the same amount of inhibition as from the 
initial stage of aerobic metabolism, i.e. curve 3 
would have taken the shape of curve 5 (equivalent 
to section AB of curve 1). The preliminary anaerobic 
incubation did not, however, affect to any measur- 
able extent the course of inhibition; in both cases 
there is a close similarity of shape of curves (cf. pairs 
1-2 with 3-4). 
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Fig. 4. Oxygen uptake of washed spermatozoa before (I) and 
after (II) the anaerobic incubation. All vessels contained 
800 million spermatozoa suspended in buffer with 0-1% 
fructose. In vessels 1 and 3, 1-5 ml. buffer were replaced 
with 1-5 ml. portions of isosmotic solution of the dialys- 
able egg-yolk substances. Vessels in set (I) were not 
incubated anaerobically, whilst those in set (II) were 
incubated anaerobically for 50 min. prior to the aerobic 
incubation. Suspensions made up to 4 ml. with the buffer. 

Set (I): curve 1, I M, sperm suspension + fructose 
+dialysable substances; curve 2, [-] [J], sperm sus- 
pension +fructose. Set (II): curve 3, @ @, sperm 
suspension + fructose +dialysable substances; curve 4, 
© ©, sperm suspension + fructose; curve 5, —-—, 
transposition of portion A—B of curve 1 to origin of set II. 
Left ordinates refer to set I; right ordinates to set IT. 














The conclusion from these experiments is that the 
inhibitor itself is not initially present in the egg yolk 
or its dialysable portion, but that it is gradually 
formed under aerobic but not anaerobic conditions 
in presence of respiring spermatozoa, from one or 
more substances present in the dialysable portion of 
the egg yolk. 


Effect of some porphyrin compounds 

The fact that O, was required for the develop- 
ment of inhibition indicated the possibility that the 
inhibitor might be a peroxide. Since certain por- 
phyrin compounds can decompose and/or utilize 
peroxides, the effect of these compounds on the 
inhibition was investigated. 
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Effect of catalase. The effect of catalase on O, 
uptake of washed spermatozoa suspended in the 
presence of dialysable egg-yolk substances is shown 
in Fig. 5. Curve 3 shows the O, uptake of sperma- 
tozoa without catalase, where within the first 60 min. 
the rate of O, consumption decreases, but after about 
2 hr. the O, uptake remains relatively constant. If 
catalase (100 yg. per vessel) is added from the be- 
ginning (curve 5) initial rate of O, absorption remains 
relatively constant during the experiment. If addi- 
tion of catalase is made at a point when the rate of 
O, absorption has already slightly decreased (e.g. 
after 60 min.) then the rate of O, uptake at first falls 
slightly (curve 4) owing to H,O, decomposition and 
then rises, showing the reversal of inhibition. 

The effect of catalase concentrations ranging from 
0-1 to 100 pg. per vessel was next tested. Curves in 
Fig. 7, which all refer to the same sample of a sperm 
suspension, illustrate the effect of enzyme concen- 
tration on the inhibition of aerobic metabolism of 
spermatozoa. Concentrations above 10 pg. catalase 
per vessel (curve 7) gave a complete reversal of in- 
hibition, whilst lower concentrations (5-1 and 0-1 yg. 
catalase per vessel, curves 4-6) gave only partial 
reversal. It may be noted that comparatively large 
amounts of catalase had to be added in order to 
produce the beneficial effect. 

Effect of peroxidase. Data in Fig. 6, which refer to 
the same sample of spermatozoa as the data in Fig. 5 
and are thus comparable, show that peroxidase, like 
catalase, reverses the inhibition. If peroxidase is 
added after the onset of inhibition (e.g. after 60 min.) 
the rate of O, uptake (curve 4) rises, and surpasses the 
rate reached in presence of catalase. In these experi- 
ments the concentration of peroxidase was 50 yg. 
per vessel, but similar results were obtained with 
peroxidase concentrations ranging from 5 to 50 yg. 
per vessel. The fact that peroxidase can abolish the 
inhibition supports the hypothesis of H,O, forma- 
tion, and suggests the existence in the dialysable 
egg-yolk material of one or more substrates for 
peroxidative oxidation. Further evidence in support 
of this view was obtained from the browning of 
the metabolic fluid which occurred in the cups to 
which peroxidase, spermatozoa and dialysable sub- 
strates were added, but not in the controls from 
which substrate, enzyme or spermatozoa were 
omitted. 

Peroxidase like catalase has only a slight effect on 
the O, uptake of washed spermatozoa suspended in 
phosphate buffer in the absence of dialysable egg- 
yolk substances (curves 1 and 2, Figs. 5, 6). The 
motility of spermatozoa after incubation in the 
presence or absence of catalase or peroxidase is 
recorded in Figs. 5 and 6. 

Effect of inactivated catalase, cytochrome c, hae- 
matin and ferrous ion. The addition of any of these 


/ 


substances (in concentrations 0-5-5 mg. %) failed to 
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abolish the rise of inhibition, and consequently did 
not affect the motility of spermatozoa to any 
appreciable extent. 

The conclusion to be drawn from the experiments 
with porphyrin compounds is that catalase and 
peroxidase, but not heat-inactivated catalase, cyto- 
chrome c, haematin and ferrous iron, can abolish the 
inhibition of motility which results from the aerobic 
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Fig. 5. Effect of catalase on O, uptake and motility of 
washed spermatozoa in the presence or absence of dialys- 
able substances. All vessels contained 500 million sperma- 
tozoa suspended in 1 ml. buffer. In addition vessels 1 and 2 
received 3 ml. buffer, whilst 3-5 received 3 ml. of the 
mixture (1:1) of the buffer and isosmotic solution of 
dialysable substances. 100 wg. catalase were added to 
vessels 2 and 5, as from the beginning, whilst to 4, catalase 
was added at 60 min. 

Curve 1, © ©, sperm suspension+no catalase; 
curve 2, +-——+ (very close to curve 1), sperm suspen- 








sion + 100 yg. catalase added at start; curve 3, @ @, 
sperm suspension +dialysable substances; curve 4, 
wo @-, sperm suspension +dialysable substances + 








100 pg. catalase added at 60 min.; curve 5, @ oe, 
sperm suspension +dialysable substances + 100 yg. cata- 
lase added at start. 


metabolism of spermatozoa in the presence of some 
dialysable component of egg yolk. 


Fractionation of the dialysable substances leading 
to the chemical detection of hydrogen peroxide as a 
metabolic product of spermatozoa 


The ash of the dialysable substances did not have 
any appreciable effect on the aerobic metabolism 
and motility of bovine spermatozoa, and after un- 
successful attempts to separate the active substance 
by fractional precipitation as a barium salt in 
presence of different concentrations of ethanol, a 
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separation by fractional precipitation and extraction 
with organic solvents was attempted. 


A large quantity of egg yolk (660 ml.) was dialysed against 
distilled water in the way already described (p. 202) and the 
dialysable portion was freeze dried for us by Dr Gane of the 
Low Temperature Research Station, Cambridge. Dialysable 
substances, which were hygroscopic, were kept in a desic- 
cator over CaCl,. 
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Fig. 6. Effect of peroxidase on O, uptake and motility of 
spermatozoa in presence or absence of the dialysable sub- 
stances. All conditions identical with those given in 
Fig. 5, but 50 ug. peroxidase were added instead of 100 pg. 
catalase. 

Curve 1, ©——©, sperm suspension + no peroxidase; 
curve 2, + + (very close to curve 1), sperm suspen- 
sion + 50 pg. peroxidase added atstart; curve 3, ® @, 
sperm suspension + dialysable substances + no peroxidase; 
curve 4, @& @: sperm suspension +dialysable sub- 
stances +50 yg. peroxidase added at 60 min.; curve 5, 
€ @, sperm suspension +dialysable substances + 
50 pg. peroxidase added at start. 














The dialysable substances were further fractionated by 
precipitation and/or extraction with organic solvents. All 
evaporations of solvents were carried out under reduced 
pressure to avoid unnecessary heating. The procedure, which 
was finally evolved by examining the effect of each separated 
fraction on washed sperm, was as follows. The freeze-dried 
product (2-02 g. dry wt. corresponding to about 190 ml. egg 
yolk) was dissolved in 9:5 ml. water (0-05 vol. of egg yolk) 
at 50° and left subsequently for 3 hr. at 20°. The sediment 
(Sdt,) was centrifuged down, and the supernatant removed. 
To the latter, 9 vol. of absolute ethanol were added, mixed, 
and left at 20° for 3 hr. On adding the ethanol a white 
sediment (Sdt,) was formed, which on standing adhered to 
the bottom of the vessel. The supernatant clear fluid was 
decanted, Sdt, rinsed twice, each time with 1 ml. 90% (v/v) 
ethanol, and the washings added to the mother liquor. After 
expelling the solvent from Sdt,, the residue was dissolved 
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in the minimum amount of distilled water at 20° and 
reprecipitated with ethanol and the sediment washed as 
before. 

All the washings and mother liquor from ethanol separa- 
tion were combined, evaporated to dryness, dissolved in a 
minimum amount of water (3-2 ml.) at 20° and the solution 
placed in a graduated centrifuge tube. To this 9 vol. of 
acetone were added and well mixed. After 30 min. the 
contents of the tube were centrifuged, when the following 
three layers were formed: a syrupy yellowish liquid, a white 
sediment (Sdt,) and an almost colourless supernatant. The 
liquid layers were separated from Sdt,. The sediment was 
washed twice, each time with 1 ml. 90% (v/v) acetone and 
was now reprecipitated with acetone in a way similar to that 
described for Sdt,. 


O, absorbed (uI.) 
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Fig. 7. Effect of catalase concentration on the release of 
inhibition of O, uptake and motility of washed sperma- 
tozoa in presence of dialysable substances. Each vessel 
received 970 million spermatozoa. Other conditions as 
given in Fig. 5, but catalase, when added, in concentra- 
tions given below, was present from the beginning of the 














experiment. 
Curve 1, F] [-], washed sperm; curve 2, +, 
washed sperm + 50 yg. catalase; curve 3, © ©, washed 


sperm +dialysable substances +no catalase; curves 4-7, 
washed sperm +dialysable substances + catalase as fol- 
lows: curve 4, © ©, 0-1 yg. catalase; curve 5, 
0 Q.1 ug. catalase; curve6, & @, 5 yg. catalase; 
curve 7, @——@, >10 yg. catalase. 











Joint washings and mother liquor from acetone pre- 
cipitation were evaporated to dryness. The residue was 
dissolved in a minimum amount of water (2-2 ml.) at 20°, 
4 vol. of isopropanol were added and the mixture shaken for 
15 min.; on centrifuging two layers were formed. The layers 
were evaporated separately to dryness, and the residues are 
referred to as S; (isopropanol layer) and S, (water layer). The 
yields of these fractions varied to some extent from pre- 
paration to preparation; in the one described above they 
were: Sdt,, 15; Sdt,, 40-9; Sdt,, 9-7; S;, 9-5 and S,, 236%. 
The recovery on a dry-matter basis amounted to 98-7%. 
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Activity of the fractions. This was tested by adding 
to washed suspensions each of the fractions, either 
separately or in various combinations, in the pre- 
sence or absence of catalase or peroxidase so as to 
see the effects on the aerobic metabolism and 
motility of the spermatozoa. Findings from these 
tests can be summarized as follows: fraction S; was 
the most potent in inhibition of respiration and 
immobilization of spermatozoa; it gave only a slight 
enhancing effect of O, uptake in the early stages of 
metabolism. Fraction S, did not inhibit, but en- 
hanced both aerobic metabolism and motility of the 
spermatozoa to a greater extent than any other 
fraction. Fraction Sdt, contained most of the sub- 
stances which acted as substrate for the utilization 
of the inhibitor in presence of peroxidase, and it 
gave only a slight inhibition of spermatozoa. 
Fraction Sdt, enhanced aerobic metabolism and 
motility of spermatozoa to some extent, but did not 
inhibit. Fraction Sdé, inhibited, but was less potent 
in this respect than S;. 

In presence of either S; or Sdt,, catalase but not 
peroxidase could reverse the inhibition; when Sdt, 
was added together with either S; or Sdt, peroxidase 
also reversed the inhibition. In presence of S, or 
Sdt,, either catalase or peroxidase had little effect 
on the O, uptake and motility of the spermatozoa. 


Table 1. Analyses of the dialysable portion of 
egg yolk and the separated fractions 





In 
total In dry-matter fractions 
dialys- (%) 
able ’ a 
Estimations made (%) Sdt, Sdtz S&S; S, 
Total N 753 8-04 941 983 8-13 
Total S* 052 — — O12 — 
P, before hydrolysis 0-86 0-384 — — -- 
P, after hydrolysis 0-90 0-89 — — _— 
K,Fe(CN),-reducing 
substances 
Total 12:90 7-20 3-84 13-45 25-20 
Yeast fermentable 8:10 5-03 2-19 8-87 21-82 
Yeast non-fermentable 4:80 2-17 165 458 3-38 
Glucosamine 
Before hydrolysis Traces —- — — — 
After hydrolysis 06 182 — — — 
Ash 31:9 — — 390 — 


* By Dr Weiler and Dr Strauss, Oxford. 


Some figures of chemical analysis. Chemical 
analyses of the separated fractions (Table 1) show 
that substances principally responsible for the en- 
hancing effect (S,) and the inhibitory effect (S; and 
Sdt,) were free of phosphorus; that the enhancing 
substances were associated with the fraction richest 
in fermentable substances; and that the inhibitory 
fractions had the highest nitrogen content (S; and 
Sdt,). In addition, the latter gave strong reactions 
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for tryptophan (Hopkins & Cole) and for tyrosine 
(HgSO,-NO, test). 

Dr G. R. Tristram, of the Biochemical Laboratory, 
Cambridge, kindly chromatographed fraction S; 
after acetylation and found the following free amino- 
acids: phenylalanine (5%), leucine (7-4%), valine 
(6-7 %) and proline (3-2 %), the figures in brackets 
giving amino-acid nitrogen as per cent total nitrogen. 
Free tryptophan and tyrosine were not found, but 
it is probable that these amino-acids were present, 
but in the form of peptides, and hence were not 
estimated on straight acetylation. 

Activity of the fractions after removing yeast-fer- 
mentable substances. A comparative test was made 
with the dialysable portions S;, S,, Sdt, and Sdt, 
before and after yeast fermentation. It was found 
that a similar inhibitory effect was produced regard- 
less of the presence or absence of yeast-fermentable 
substances in the dialysable portion, S; or Sdt,, but 
that the initial enhancing effect of these fractions 
after fermentation was lower. Fraction S,, which 
before fermentation was principally responsible for 
the enhancing effect, gave, after fermentation, a 
much reduced enhancing effect on both respiration 
and motility. Fermentation made little if any differ- 
ence in the activity of Sdt,. 

Conclusions drawn from these experiments are 
that: (a) the molecular weight of substances present 
in fractions Sdt,, Sdt,, Sdt;, S; and S, must be below 
about 10,000, as they are easily dialysable through 
cellophan membranes, and cannot be of a protein 
nature; (6) the substances which give rise to the 
inhibition are not fermentable by yeast, and are 
associated with a phosphorus-free, nitrogen-rich 
fraction (S;), containing some free and bound amino- 
acids; (c) the substances mostly responsible for the 
enhancing effect are reducing fermentable carbo- 
hydrates found to the extent of some 20 % in fraction 
S,; (d) the substances which act as substrate for 
peroxidase activity are sparingly soluble in water 
and found in Sdt, but not in other separated 
fractions; (e) the fraction Sdt, , having no appreciable 
effect on spermatozoa, represents some 40 % of total 
dialysable substances; it is water-soluble, but in- 
soluble in 90 % ethanol and is rich in nitrogen and 
almost free from fermentable-reducing substances; 
phosphorus encountered in this work was mostly 
inorganic, contained in the fraction Sdt,. 

Hydrogen peroxide-decomposing power of sperma- 
tozoa. All the evidence so far collected indicated that 
the inhibitor of sperm respiration and motility is 
H,O, formed by the spermatozoa from substances 
present in fractions S; and Sdt;. The question 
therefore arose whether or not the H,O, formed 
might be detected chemically in sperm suspen- 
sions in the presence of these fractions. It was 
necessary first to determine whether spermatozoa 
could decompose H,O, at a rate greater than the rate 
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of its formation, and thus prevent its detection in 
the metabolic fluid. The capacity of washed sperma- 
tozoa to decompose or utilize H,O, was measured 
by adding a known concentration of H,O, to Bar- 
croft manometers containing the spermatozoa. After 
incubation, the residual peroxide was measured by 
recording the volume of O, liberated by the addition 
of catalase from a dangling cup. 

The results are shown in Table 2. All concen- 
trations of H,O, are expressed as pl. O, equivalents. 
It will be seen that in 30 min. only 8 % of the peroxide 


Table 2. Elimination of hydrogen peroxide by 
washed suspensions of bovine spermatozoa 


(Barcroft vessels were used containing in the main com- 
partment: 1 ml. sperm suspension containing 10° sperma- 
tozoa with 2 ml. 0-06mM-phosphate buffer, pH 7-4 and H,0, 
in concentrations given in the Table, with water to 4 ml. 
In the dangling cup, 0-1 ml. catalase solution; in the inner 
well, 0-2 ml. 10% (w/v) KOH and filter paper rolls. Air, 
37°.) 





H,0, 
f= ~ 
Eliminated 
Added Found 

Time (as pl. O,) (as wl. O,) (as pl. O,) (%) 
30 203 187 16 7-9 
60 203 153 50 24-6 
120 203 152 51 25:1 
180 203 120 83 41-0 


Table 3. Effect of hydrogen peroxide concentration on 
its elimination by washed suspensions of bovine 
spermatozoa 
(Conditions as given in Table 2, but H,O, concentration 

varied as given in this table; time 120 min.) 





H,0, 
c ae YY 
Eliminated 
Added ————K“’ 

(as pl. Oz) (as pl. Oz) (%) 
507 73 14-4 
305 60 16-8 
203 51 251 
101 31 38-6 

50 20 40-0 


added had been decomposed or utilized, and that 
even after 180 min. only 41% had disappeared. 
Table 3 shows that the rate of decomposition was not 
greatly affected by the original concentration of 
peroxide. Even if a relatively low concentration of 
H,O, (equivalent to 12-5 yl. O,/1 ml. suspension) is 
added, the decomposition did not exceed half of the 
H,O, added. 

The small capacity of spermatozoa to decompose 
H,0, is not confined to bull spermatozoa nor is it a 
property of other mammalian species. In Table 4 is 
shown the decomposing capacity of the whole semen, 
the washed cells, and the seminal plasma alone, of 
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a number of animals. The boar has the least capacity 
for the elimination of H,O,. The rabbit, ram and 
stallion are fairly efficient. The bull is intermediate. 
The capacity for elimination is contributed by both 
cells and plasma, although in the bull the plasma 
contributes most activity. Heating to 82° for 15 min. 


Table 4. Elimination of hydrogen peroxide by the 
semen, seminal plasma or washed spermatozoa of 
different animals 


(Conditions as in Table 2. 1 ml. semen, with the densities 
recorded in the Table, or the spermatozoa or plasma 
separated from 1 ml. semen were used in each case.) 


H,0, eliminated in 60 min. 


(%) 
Density — 
(million Spermatozoa* Plasma* 
sperm/ml. Whole =————., ———~—_, 
Species semen) semen _ (1) (2) (1) (2) 
Boar 45 21 2 0 15 10 
Bull 500 57 13 0 51 16 
Rabbit 225 100 100 ~- 100 3 
Ram 2500 100 100 5 100 2 
: (70+) (96+) 
Stallion 260 98 94 — 95t 0 


* (1) Before, (2) after inactivation at 82° for 15 min. 

+ If ten times diluted (i.e. containing equivalents of 
0-1 ml. semen). 

t Strong ‘benzidine reaction’ of the samples, suggesting 
blood contamination, which is difficult to avoid due to the 
mode of collection of stallion semen. 


almost entirely destroys the activity, indicating that 
the elimination of peroxide is most certainly en- 
zymic. Blom & Cristensen (1944) have devised a 
test, based upon the low capacity of bull semen to 
decompose peroxide, to indicate gross bacterial con- 
tamination of the semen, or an inflammatory con- 
dition of the male genital tract. Mann (1949) has 
also noted the very low concentration of catalase in 
homogenized ram semen. 

Chemical detection of hydrogen peroxide as a meta- 
bolic product of spermatozoa. Since the results above 
indicated that washed spermatozoa of the bull and 
other animals had a very low capacity for the 
elimination of H,O,, an attempt was made to detect 
its formation in washed cell suspensions containing 
the substrates for its formation in as highly purified 
a condition as possible, and for this purpose fraction 
S; was found to be the most suitable. The procedure 
for the chemical detection of H,O, was as follows: 

Reagents. 0-33M-Acetic acid. Benzidine (freshly prepared): 
2mg. dissolved in 1 ml. ethanoland then mixed with 1 ml. dis- 
tilled water. Peroxidase: solution containing about 50 yg./ml., 
freshly prepared from a strong stock solution of the enzyme. 

A sample (in our case 3 ml.) of the metabolic fluid (from 
which the spermatozoa were removed by centrifugation) is 
adjusted with acetic acid to pH 4-0-4-5, and mixed by 
inversion of the tube, avoiding shaking. A drop (20 yl.) of 
the benzidine solution is now added, the tube slightly 
agitated and a drop of peroxidase solution added. If the 
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metabolic fluid contained 10-? pmol. H,O,/ml. or more, the 
blue colour develops almost instantaneously on addition of 
the enzyme. With careful handling still lower concentrations 
of H,O, could be detected, provided that no ‘interfering 
reactions’ took place in the metabolizing liquid, before 
attempting the detection. One of many experiments will be 
described in detail. 

A suspension of washed spermatozoa containing 800 x 10® 
cells in 3-925 ml. buffer (pH 7-4) and 0-075 ml. solution con- 
taining 1-8 mg. fraction S; (from which most reducing sub- 
stances had been removed by yeast fermentation) was shaken 
in air at 37° in a Barcroft-Dixon manometer. The quantity 
of S, was comparable with that in a corresponding amount of 
egg-yolk medium. When the inhibition of O, uptake and 
motility had fully developed (90 min.) the suspension was 
centrifuged and the clear supernatant fluid examined for the 
presence of H,O, by means of the benzidine-peroxidase 
reaction described above. The concentration of H,O, present 
was determined approximately by comparing the intensity 
of colour with that formed with prepared known concen- 
trations and was found in this case to be about 10- pmol. 
H,0,/ml. This amount corresponds to about | yl. O,. H,O, 
was also detected in similar preparations after shorter periods 
of incubation (60 and 30 min.), but not in any of the appro- 
priate control experiments. 


It is clear that S; contains a considerable quantity 
of the substrate for the formation of H,O,. H,O, 
formation was also detected with Sdé,, but the con- 
centration was somewhat lower. When Sdt, was used, 
just detectable concentrations of H,O, were found. 
This is in agreement with the slightly inhibitory 
action of this fraction. No H,O, was detected when 
Sdt, or S, fractions were present. No H,O, formation 
was detected even in the presence of S; or Sdé, if the 
spermatozoa had previously been inactivated by 
heat (10 min. at 80°) and no H,O, formation was 
detected in any experiments carried out under 
anaerobic conditions. 

H,O, was also detected in the sperm suspensions 
of other animals. In the boar with 450 x 10° sperms 
in 3 ml. of buffer containing 1-8 mg. S; a strong 
reaction was given and the spermatozoa were im- 
motile after 30 min. In ram sperm a very faint 
reaction was given by a suspension of 460 x 10® 
spermatozoa in 3 ml. buffer and 1-8 mg. S; in 30 min. ; 
the spermatozoa were only slightly motile when the 
detection was made. 

Although by using the above procedure we had 
succeeded in demonstrating chemically the forma- 
tion of H,O, by spermatozoa from a substrate present 
in S; (from which fermentable carbohydrate had 
been removed), we were unable to detect its presence 
chemically in suspensions containing: (a) whole egg 
yolk; (b) the dialysable portion of the egg yolk; 
(c) seminal plasma; (d) seminal plasma after fermen- 
tation by yeast; or (e) acetate, propionate, succinate, 
citrate, lactate, pyruvate, glucose, fructose or 
galactose. These observations led to an investigation 
by Tosic (19476) which showed that lactic acid 
formed by the spermatozoa from carbohydrates was 
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further oxidized to pyruvic acid, and that this com- 
pound entered into a direct chemical reaction with 
H,0,, yielding acetate and CO,. If the rate of 
pyruvic acid formation was greater than the H,O, 
formation by the spermatozoa the detection of H,O, 
was not possible. This reaction with pyruvate will 
explain why H,0,is not detectable in solutions which 
contain substances which may give rise to the forma- 
tion of pyruvate. It is to be noted, however, that 
although pyruvate removed H,O, from solution, it 
does not entirely prevent the inhibition of respiration 
and motility which occurs on the formation of H,O,, 
and this indicates that the formation of H,O, is 
endogenous, or at least in very close contact with 
the enzyme system which is inhibited. This will be 
illustrated further in the section which follows, and 
discussed later. 


Inhibitory effect of low concentrations of hydrogen 
peroxide on aerobic metabolism and motility of 


spermatozoa 


Although the formation of H,O, has been fully 
demonstrated it remained to show that such low 
concentrations of H,O, as were found could inhibit 
aerobic metabolism and motility. For this purpose 
the following experiment was carried out. 


Eight Barcroft vessels were used each containing 1 ml. of 
a sperm suspension containing 680 x 10® spermatozoa. To 
four of the flasks 8 mg. fructose (0-12 ml. of 6-4% solution) 
were added. To pairs of vessels containing fructose and with- 
out fructose, quantities of 0, 0-3, 0-75 and 4-5 umol. of H,O, 
were placed in dangling cups. The volume of each Barcroft 
vessel was made up to 4 ml. by addition of buffer. The vessels 
were shaken in the bath at 37° until a reading of the re- 
spiratory rate was obtained. At 23 min. the dangling cups 
were dislodged and O, uptake recorded for a further 67 min. 
The vessels were then removed and the motility of the 
spermatozoa observed. The experiment is shown in Fig. 8. 


From the results it is seen that in the series without 
fructose in the medium all tested concentrations of 
H,O, had an inhibitory effect upon respiration and 
motility. H,O, was not chemically detectable in the 
lowest concentration, but detectable at the end of 
the experiment in the higher concentrations, con- 
firming the restricted capacity of spermatozoa to 
remove peroxide. With fructose in the medium, the 
respiratory activity is greatly increased. All concen- 
trations of H,O,, however, inhibited O, uptake and 
reduced motility, although not to the same extent. 
H,O, was detectable only in the vessel which re- 
ceived the highest original concentration. 

The conclusion to be drawn from these experi- 
ments is that very low concentrations of H,O, have 
a marked inhibitory effect upon both respiration and 
motility even when present in the external medium. 
Its inhibitory effect would probably be greater in the 
case of endogenous formation from a suitable sub- 
strate. In the presence of fructose the inhibitory 
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effect of H,O, in the medium is largely offset by the 
aerobic formation of pyruvate which combines 
directly with the H,O,. 
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Fig. 8. Effect of H,O, on O, uptake and motility of washed 
spermatozoa in presence and absence of fructose. Each 
vessel contained 680 million spermatozoa suspended in 
1 ml. buffer. In addition to vessels (a)—(d), 8 mg. fructose 
(0-12 ml. of 6-4% solution) were added; to (e)—(h), 0-12 ml. 
water. At 23 min. vessels (b)-(d) and (f)-(h) received 
0-05 ml. H,O, solution (containing quantities given below), 
whilst (a) and (e) received 0-05 ml. distilled water. 

Curve a, © ©, washed sperm + fructose +no H,0,; 
curve b, @ (@. washed sperm + fructose +0-3 ymol.- 
H,0,; curve c, @ @, washed sperm + fructose + 
0-75 pmol.-H,O,; curve d, @ @, washed sperm + 
fructose + 4-5 wmol.-H,O,; curve e, [] [-], washed 
sperm+no H,O,; curve f, [J (3, washed sperm + 
0-3 pmol.-H,O,; curve g, [J——{J, washed sperm+ 
0-75 pmol.-H,O,; curve h, [§-———[, washed sperm + 
4-5 wmol.-H,O,. 




















Mechanism of hydrogen peroxide formation by 
spermatozoa. Since it was found that the fractions 
separated from the egg yolk which most inhibited 
respiration and motility of spermatozoa had a high 
nitrogen content and also contained free amino- 
acids, the possibility arose that H,O, might be 
formed as a result of oxidative deamination of 
certain amino-acids by spermatozoa. 


In order to test this hypothesis, washed suspensions of 
bovine spermatozoa (about 10° spermatozoa per vessel) were 
mixed in Barcroft vessels with 4 mg. fraction S; or with 
20 pmol. of each of the 14 amino-acids tested (except 
tyrosine of which 1 ml. of a saturated solution was added). 
Phosphate buffer was added to make up the volume of the 
liquid to 4 ml., and the manometers were shaken in air for 
90 min. At the end of such experiments the spermatozoa 
were examined for their motility, and the supernatant meta- 
bolic liquid, after removing the spermatozoa by centri- 
fugation, was examined semi-quantitatively for H,O., by 
means of the benzidine-peroxidase reaction, and quantita- 
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tively for NH,. The results of these experiments are recorded 
in Table5, in which NH;,is expressed as guy, (ul. NH; formed 
by 100 million spermatozoa/hr.). 


Table 5. Relationship between sperm immobility and 
the formation of hydrogen peroxide and ammonia 
from the egg-yolk substrate, L-tryptophan, L-tyrosine 
and w-phenylalanine in washed suspensions of 
bovine spermatozoa 


Amino-acid added Benzidine 

(20 pmol.*) Motility reaction Ixuzt 
S; fractiont None ++ 1-6 
L-Phenylalanine None +++ 6-3 
L-Tyrosine None +++ 6-0 
L-Tryptophan None +++ 6-1 
Glycine Fair - 4 
pL-Alanine Fair - 0-13 
DL-Serine Fair ~ 0-10 
L-Cysteine Fair ~ 0-05 
pL- Valine Fair - 0-09 
L-Leucine Fair - 0-37 
L-Aspartic acid Fair = 0-13 
L-Glutamic acid Fair - 0-06 
L-Arginine Fair - 0-01 
L-Lysine Fair ~ 0-03 
L-Histidine Fair - 0-35 


* Except L-tryptophan and L-tyrosine which were added 
as 1 ml. saturated solution, at 18°. 

{ The blanks qyq, (see above) of washed sperm suspensions 
in phosphate buffer were 1-48 and 1-54 and have already 
been deducted from the values reported in this table. 

¢ From which fermentable carbohydrates were removed 
by yeast fermentation. 


From these experiments it is seen that formation 
of H,O, and NH, and consequent inhibition of sperm 
respiration and motility took place aerobically in 
the presence of the isolated fraction S;, or L-trypto- 
phan, t-phenylalanine and t-tyrosine. There was 
neither H,O, nor significant ammonia formation in 
the presence of Di-alanine, DL-serine, L-cysteine, 
DL-valine, L-leucine, L-arginine, L-lysine, L-histidine, 
L-aspartic acid and t-glutamic acid, and con- 
sequently there was no inhibition of either sperm 
respiration or motility. 

In the absence of O, or with heat-inactivated 
spermatozoa (15 min. at 82°) there was neither NH, 
nor H,O, formation either in the presence of isolated 
fractions or in the presence of L-tryptophan, L- 
phenylalanine or L-tyrosine. These results suggest 
that the reaction by which H,0, is formed by living 
spermatozoa in the presence of O, is an enzymic 
dehydrogenation and deamination proceeding in the 
presence of molecular O, as H, acceptor as follows: 
R.CH,.CH(NH,).COOH + 0, + H,O 

+> R.CH,CO.COOH + H,O,+NH;, 
where R can be only phenyl, p-hydroxyphenyl or 
indolyl groups, but none of the other groups tested. 
The L-amino-acid oxidase (or oxidases) of bovine 
spermatozoa, which affects only the three aromatic 
amino-acids, appears, therefore, to be more specific 
than the L-amino acid oxidase present in some other 
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animal tissues, which can utilize as substrates a 
much larger range of L-amino acids (Krebs, 1933, 
1935; Blanchard, Green, Nocito & Ratner, 1944). 


DISCUSSION 


Egg yolk diluted in equal quantity with phosphate 
buffer or with isotonic sodium citrate has been 
found to be one of the simplest and most effective 
media for the dilution and preservation of bull 
semen. It is the medium most used in the practice 
of artificial insemination. In attempting an analysis 
of the factors responsible for the preservative effect, 
two objects have been kept in mind: first, to add to 
our knowledge of the metabolism of the spermato- 
zoon; and secondly, to increase our control of the 
practical processes of artificial insemination and 
render them more effective. We showed earlier 
(Tosic & Walton, 1946a) that the dialysable sub- 
stances of the egg yolk were not essential for pre- 
servation, and could be removed without diminish- 
ing the effectiveness of the remainder of the yolk as 
a medium for dilution in practice. The dialysable 
fraction proved, however, to be of considerable 
interest on account of the increasing inhibition of 
respiration and motility which developed in sus- 
pensions of living spermatozoa in media containing 
the dialysable substances. 

Our results have now shown that the spermatozoon 
possesses an enzyme system which, acting specifi- 
cally on three aromatic amino-acids, L-tryptophan, 
L-phenylalanine and t-tyrosine, in the presence of 
molecular O,, can give rise, by dehydrogenation 
and deamination, to H,O, in concentrations which, 
although relatively low, are toxic to the spermatozoa, 
and depress both their respiration and motility. We 
have good evidence that such a process takes place 
in suspensions of living spermatozoa in egg-yolk 
medium and is the cause of the inhibition. 

MacLeod (1943) first suggested that H,O, forma- 
tion might be responsible for diminished survival of 
human spermatozoa in vitro, since survival was pro- 
longed by exclusion of air and by the addition of 
catalase and haemoglobin. H,O, was not detected 
in the medium, nor was the mechanism of its forma- 
tion elucidated. In a subsequent paper, MacLeod 
(1946) attributed H,O, formation in sperm sus- 
pensions to dehydrogenation of succinic acid. 

Considered as a spermicide, H,O, has a very high 
toxicity. Fig. 8 shows that concentrations as low as 
0-075 pmol. H,O,/ml. or 7-5 x 10-5m, have an in- 
stantaneous effect upon respiration and motility. 
The most spermicidal substance found by Baker, 
Ransom & Tynen (1938) was phenyl mercuric acetate 
which has a killing concentration of 1/1024% or 
2-9 x 10-5m. Toluquinone, another very toxic com- 
pound, has a killing concentration of 1/128% or 
6-4 x 10-4. 
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Toxicity of H,O, to marine spermatozoa has also 
been noted, although Rothschild (1948a) and 
Barron, Gasvoda & Flood (1949) found catalase 
present in echinoderm sperm. Evans (1947) attri- 
buted the inhibition of fertilizing capacity of sea- 
urchin spermatozoa in irradiated suspensions and in 
irradiated sea water to the formation of H,O,. 
Barron, Gasvoda & Flood (1949) were, however, 
unable to confirm this with respect to free H,O,, but 
attributed the toxicity to the formation of organic 
peroxides. These authors, and Barron, Flood & 
Gasvoda (1949) found that low concentrations of 
H,0, of the order found in irradiated sea water had 
a stimulating effect on sperm respiration; higher 
concentrations were however toxic. They attribute 
these results to differential action upon the non- 
protein sulphydryl groups (e.g. in glutathione) and 
the sulphydryl groups in respiratory enzymes. 

We have no evidence that H,O, in low concen- 
trations acts as a stimulant to respiration in mam- 
malian spermatozoa. That its toxic effect may be 
due to reaction with the sulphydryl groups of the 
respiratory enzymes is also a possibility which we 
have not examined, but from the observations of 
MacLeod (1946) on the inhibition of sperm motility 
by arsenicals and the protective action of 1:2:3-tri- 
thiopropane, it is possible that sulphydryl com- 
pounds may play an important part in mammalian 
sperm activity, and it is also known that ram and 
bull spermatozoa contain a high level of sulphur- 
containing amino-acids (see Mann, 1949). 

The possibility that marine spermatozoa them- 
selves produce H,O, has not been examined, but 
Gray (1928) found some evidence that auto-intoxi- 
cation might play a part in the senescence of echinus 
sperms, and the question of auto-intoxication in 
marine spermatozoa has also been discussed by 
Rothschild (19485). 

The auto-intoxication which we have observed to 
take place in egg yolk is not necessarily confined to 
this medium, but may presumably occur in any 
medium which contains the specific amino-acids 
forming the substrate for the reaction. These amino- 
acids, if not already present in the medium, might 
be formed by proteolytic enzymes in the semen 
(Huggins & Neal (1942), Lundquist (1949)), and the 
spermatozoa themselves might provide a source of 
tryptophan and phenylalanine (Sarker, Luecke & 
Duncan, 1947). We may, in fact, be dealing with a 
process of auto-intoxication which is a very general 
one. In this connexion it is perhaps significant that 
gelatin which contains neither tyrosine nor trypto- 
phan, and only alow concentration of phenylalanine, 
1-2% (Chibnall, 1945), has been largely used in 
semen diluents (Milovanov, 1938; Sérensen, 1939). 

The quantity of molecular O, required to give rise 
to inhibitory concentrations of H,O, is very low 
(cf. also MacLeod, 1946). We find, for instance, that 
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concentrations of H,O, equivalent to 1 pl. O,/ml. 
sperm suspension, produces a marked inhibitory 
effect as measured by sperm motility and respira- 
tion. Although the limiting tension of O, in sperm 
oxidative processes has not been determined, we 
may suppose that it is of the order found in muscle 
which has a respiratory system not markedly 
different from spermatozoa. Hill (1948) found that 
the respiration of resting frog muscle is constant and 
independent of O, tension above 0-5-2-0 mm. Hg 
partial pressure. The rate falls off as the tension is 
decreased. At these low tensions diffusion through 
the muscle may impose a limiting factor, but in a 
fluid-sperm suspension, in which the spermatozoa 
are motile, diffusion will be very rapid. We may 
assume, therefore, that oxidative deamination with 
the formation of H,O, by the active spermatozoon, 
may take place in any part of the male and female 
tract where the O, tension is likely to be maintained 
at levels only a little below that of the venous blood 
supply (approx. 32mm. Hg O, partial pressure). 
Campbell (1932) measured the O, tension within the 
rabbit uterus and found values of 20-45 mg. Hg. 
In vivo, therefore, oxidative processes may be 
assumed to characterize the metabolism of the 
spermatozoa and give rise to the formation of H,O, 
and possibly to auto-intoxication. 

In vitro conditions will be different. In narrow 
glass tubes a dense suspension of active spermatozoa 
will rapidly utilize the available O,, and further 
supply will be confined to a slow diffusion from the 
mouth of the tube. This may be reduced by sealing 
the tube with paraffin, etc. Under such conditions 
spermatozoa survive well, as was first demonstrated 
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by Amantea & Krzyszkowski (1921) for marine { 


spermatozoa and by Walton, Hammond & Asdell 
(1928) and Walton (1930) for rabbit spermatozoa. 
That exclusion of O, and the prevention of H,O, 
formation is a factor in determining the survival of 
stored spermatozoa is confirmed by Van Demark, 
Salisbury & Bratton (1949), who have shown that 
the detrimental effects of exposure to air or agitation 
of suspensions can be largely eliminated by the 
addition of catalase. 

The formation of H,O, as a product of metabolism 
and possibly as a link in the chain of respiratory 
processes in normal tissues has been generally 
assumed, although it has been detected chemically 
only in certain bacteria (Stephenson, 1949), moulds 
(Pearce, 1940; Coulthard, Michaelis, Short, Sykes, 
Skrimshire, Standfast, Birkinshaw & Raistrick, 
1945) and Ascaris suis (Laser, 1944). Our experi- 
ments have shown that the reason why it has escaped 
detection may be due to two factors: (a) the high 
concentration of catalase. in most tissues, and (6) the 
formation of pyruvate with which the H,O, can react 
directly. Pyruvate is an intermediary product of 
carbohydrate metabolism and therefore will be 
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formed by the cells and be present in the fluids with 
which the tissue cells are surrounded in vivo and in 
the artificial media in which living tissues are 
examined in vitro. For these same reasons it is 
unlikely that H,O, will be chemically detectable in 
sperm suspensions in natural surroundings, i.e. 
either in the male or female tracts, or in the fluids 
which are derived from them. This does not mean 
that H,O, formation is not a factor involved in the 
survival of the spermatozoa in vivo. Our experi- 
ments have shown that relatively very high concen- 
trations of catalase are required to prevent altogether 
the development of inhibition by H,O,, although 
these concentrations are more than sufficient to 
remove H,O, when subsequently added to the sperm 
suspensions. Similarly, the presence of pyruvate in 
the metabolic fluids will prevent the formation of 
chemically detectable concentrations of H,O,, but 
will not entirely prevent the inhibitory effect of 
H,O, formation by the spermatozoon. Evidently the 
system is one of complex equilibria in which the rate 
of formation of H,O, and the rate of toxic reaction 
of H,O, with the cell are balanced by the rates 
of elimination from the system by catalase and 
pyruvate. This may depend partly upon the specific 
rates of reaction. For example, catalase may reverse 
inhibition more efficiently than pyruvate, because 
the rate of destruction of H,O, by catalase is greater 
than the rate of the reaction between H,O, and 
pyruvate. 


SUMMARY 


1. During aercbic metabolism of washed sus- 
pensions of bull spermatozoa in egg-yolk medium, a 
potent inhibitor of respiration and motility is 
formed. The inhibition is reversed by catalase and 
peroxidase, but not by heat-inactivated catalase, 
cytochrome c, haematin or ferrous ion. 

2. The inhibitor, which is not initially present in 
the egg yolk, is formed in the presence of molecular 
oxygen from a substrate present in the egg yolk and 
in its dialysable portion, but not in the non-dialys- 
able fraction. 

3. The dialysable substances of the egg yolk have 
been fractionated by treatment with organic sol- 
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vents and the fractions tested for their effects upon 
oxygen uptake and motility, and examined chemi- 
cally. 

4. The inhibitor was identified chemically as 
hydrogen peroxide, and was shown to be formed 
simultaneously with ammonia, as the result of an 
oxidative deamination by the spermatozoa of a com- 
ponent of one fraction. The fraction was replaceable 
with the same effect by L-phenylalanine, L-tyrosine 
and t-tryptophan, but not by any of ten other 
amino-acids tested. 

5. Hydrogen peroxide has also been detected as 
a metabolic product of living spermatozoa of the 
boar and ram. 

6. The toxicity of the low concentrations of 
hydrogen peroxide formed in metabolism has been 
confirmed by adding comparable amounts of 
hydrogen peroxide to suspensions of spermatozoa. 
Hydrogen peroxide has a toxicity comparable to 
phenyl mercuric acetate which is the most toxic 
spermicide known. 

7. The formation of toxic concentrations of 
hydrogen peroxide is related to the small hydrogen 
peroxide decomposing activity of semen, and the 
latter has been compared in different species for 
whole semen, seminal plasma and washed cells. 
Washed cells and plasma are both active. Heating 
to 82° for 15 min. almost entirely destroys the 
activity, indicating that the latter is enzymic (cata- 
lase). 

8. These findings have been discussed in relation 
to preservation of spermatozoa in vitro and their 
survival in vivo. 


We are greatly indebted to Prof. D. Keilin, F.R.S., and 
Dr T. Mann of the Molteno Institute for much helpful advice 
and criticism throughout the work. Dr G. R. Tristram, of 
the Biochemical Laboratory, kindly carried out for us the 
chromatography of amino-acids in one of our preparations, 
and Dr Gane, of the Low Temperature Research Station, 
Cambridge, freeze dried a quantity of material for us. We 
greatly appreciate also the services of our laboratory 
assistant, Mr R. Nichols, and of the animal attendants at the 
Animal Research Station. One of us (J. T.) is indebted to 
the Agricultural Research Council for a personal grant 
during 1946. 
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The Synthesis of Glucuronides by Liver Slices 


By I. D. E. SEOREY* 
Department of Biochemistry, University of Edinburgh 


(Received 17 January 1950) 


Although the formation of conjugated glucuronides 
in the animal body has been known for many years, 
surprisingly little has been learned as to the chemical 
mechanisms involved. Early attempts to determine 
the origin of the glucuronic acid were carried out on 
the whole animal, and the results were frequently 
difficult to interpret (see Williams, 1947), but the 
researches of Quick (1926) pointed to glycogen, 
rather than glucose, as the source of the glucuronic 
acid. 

The only extensive investigation of the conju- 
gation process in isolated tissue preparations is that 
of Lipschitz & Bueding (1939). These authors found 
that thesynthesisof glucuronides, by guinea pig-liver 
slices in presence of glucuronidogenic substances 
such as borneol and menthol, was considerably in- 
creased by lactate, pyruvate and dihydroxyacetone, 
but that glucose and glucuronic acid were without 

* Present address: Department of Experimental Surgery, 
University of Edinburgh. 


any appreciable effect. They further showed that no 
synthesis took place under anaerobic conditions, or 
in presence of cyanide, fluoride or iodoacetate, and 
concluded that oxidative processes and esterification 
of phosphoric acid were necessary. In the present 
paper, the synthesis of glucuronides as it occurs in 
mouse-liver slices has been examined, using the rapid 
and sensitive method developed by Levvy & Storey 
(1949). 


EXPERIMENTAL 


Adult stock mice of either sex were used in all experiments, 
and were well fed except when stated otherwise. The mice 
were killed by dislocating the vertebrae and the livers were 
then rapidly removed and cooled in crushed ice. Slices were 
cut, by the procedure of Cohen (1945), into chilled bicar- 
bonate Ringer or phosphate Ringer solution (Krebs & 
Henseleit, 1932), in which ‘the MgSO, was replaced by 
MgCl,. The phosphate Ringer solution contained only one- 
third of the recommended amount of CaCl,, to avoid pre- 
cipitation of Ca,(PO,),. pL-Lactic, p-gluconic, p-sacchari¢ 
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(acid K salt), succinic, fumaric, L-malic, L-glutamic and citric 
acids were neutralized before use with NaOH, using the glass 
electrode. p-Glucurone was treated with the equivalent 
quantity of NaHCO, solution. Pyruvic acid was added as 
the crystalline Na salt. The slices were shaken for 1 hr. at 
38° in presence of 2-3 x 10-4M-o-aminophenol and 0-001 m- 
ascorbic acid, the gas phase being 5% CO, in O, for bicar- 
bonate Ringer solution, or pure O, for phosphate Ringer 
solution. After removal of the slices for dry-weight deter- 
mination, protein was precipitated by a trichloroacetic acid- 
phosphate buffer mixture at pH 2-25, and the glucuronide 
diazotized and coupled with N-1-navhthylethylenediamine 
(Levvy & Storey, 1949). The turbidity sometimes encoun- 
tered after adding the coupling reagent was removed by 
centrifuging for a short period before reading the extinction 
in a Spekker absorptiometer. 

All results are the mean of four (or,-in a few cases, of three) 
determinations, and are expressed as pg. o-aminophenol 
(OAP) conjugated/mg. dry wt. liver/hr. 

O, uptakes were measured in Warburg manometers, using 
the above phosphate Ringer solution in pure O, at 38°. Each 
flask contained 2-2 ml. medium, and 0-2 ml. 20% (w/v) KOH 
with filter-paper rolls in the centre wells. Flasks were kept 
on ice until immediately before connecting to the mano- 
meters. After 10-15 min. for temperature equilibration, 
readings were commenced and continued for 70-90 min. The 
slices were then removed, washed in distilled water and dry 
weights determined after 2 hr. at 110°. Duplicate mano- 
meters were used in all experiments. 


RESULTS 


Attempts to stimulate synthesis 


With liver slices from normal guinea pigs, Lipschitz 
& Bueding (1939) found that glucuronide formation 
was doubled in presence of lactate, and that when 
animals fasted for 20 hr. were used, increases of 


Table 1. Influence of lactate and pyruvate on 
glucuronide synthesis by liver slices 


(Incubation 1 hr. (Exp. 5, 2 hr.) in bicarbonate Ringer 
solution; 2-3 x 10-4m-OAP, 0-001 M-ascorbic acid.) 


OAP conjugated/mg. dry 
wt. liver/hr. (yg.) 


Length 
Exp. of fast Lactate Pyruvate 
no. Animal (hr.) Control (002m) (0-02m) 
1 Mouse — 0-68 0-70 _ 
2 Mouse — 0-63 0-62 0-64 
3 Mouse _- 0-93 0-92 _ 
4 Mouse -— 1-19 1-12 — 
5 Mouse 15 0-51 0-50 —_— 
6 Mouse 24 1-11 1-03 —_— 
7 Mouse 44 0-63 0-62 0-64 
8 Rat 24 0-61 0-70 _— 
9 Guinea pig 24 0-81 0-86 0-75 
10 Guinea pig 24 1-21 0-99 0-99 


several hundred per cent were obtained with lactate 
and pyruvate. In the present experiments, even 
when the animals were fasted for very long periods, 
no significant increase in glucuronide synthesis could 
be demonstrated (Table 1). Similar results were 
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obtained using phosphate Ringer solution. In 
another series of experiments, stimulation by lactate 
was not demonstrable by increasing the demand 
upon the glucuronide-synthesizing system, either by 
raising the concentration of o-aminophenol, or by 
adding another substance (borneol) known to form 
a glucuronide. 

It is evident that glucuronide synthesis can con- 
tinue at its maximum rate even when carbohydrate 
stores in the liver are severely depleted. Under such 
conditions Lipschitz & Bueding (1939) working with 
guinea pigs, Meyerhof, Lohmann & Meier (1925) and 
Meyerhof & Lohmann (1926) using rats, obtained 
elevations ofthe — Qo, up to 100 % in some instances, 
when lactate was added to respiring liver slices from 
starved animals. Similar results have been observed 
during the present investigation (Table 2). In fully 


Table 2. Influence of pu-lactate on respiration 
of fasted mouse-liver slices 


(Mice fasted 28 hr. Phosphate Ringer solution, pH 7-35. 
Lactate present during equilibration.) 


—Qo, (ul./mg. dry wt./hr.) 
— OOO 


DL-Lactate 
Exp. no. Control (0-02 m) 
1 5-0 8-1 
2 7:8 13-8 


fed animals, lactate appears to have little or no 
effect on the respiration of liver slices. Although, as 
will be shown later, the synthesis does not take place 
under anaerobic conditions, these findings suggest 
that it is not appreciably influenced by a consider- 
able depression in respiration. 


Inhibition of synthesis by glucuronate 


Whereas Lipschitz & Bueding (1939) used 0-02m 
solutions of lactate and other substances in demon- 
strating stimulation of glucuronide synthesis, their 
negative results with glucuronic acid were obtained 
with a single concentration of 0-005M, and it there- 
fore seemed desirable to test this and related com- 
pounds at higher concentrations. In Table 3 is 
shown the effect of glucuronate, gluconate and 
saccharate, all in presence of 0-02M-lactate, upon the 
synthesis, as compared with 0-02M-lactate as con- 
trol. Further results in the same series of experi- 
ments with a number of other compounds are shown 
in Table 4. The numbering of the experiments is the 
same for both tables. Of all the compounds tested, 
glucuronate is by far the most active, inhibition 
being frequently almost complete at a concentration 
of 002m. Gluconate and saccharate, which are 
related structurally to glucuronate, also show con- 
siderable inhibition. Although at the higher con- 
centration succinate and fumarate display activity 
almost equal to that of the first two named com- 
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Table 3. Inhibition of glucuronide synthesis in mouse-liver slices by glucuronate and related substances 


(Incubated 1 hr. in bicarbonate Ringer solution; 0-02M-lactate, 2-3 x 10-4m-OAP, 0-001 m-ascorbic acid. Well fed mice.) 


OAP conjugated/mg. dry wt. liver/hr. (yg.) 
nn eee 





Fos 
Glucuronate 
== ates ‘ 
In- In- In- 
Exp. Con- hibition hibition hibition 
no. trol 002m (%) OOlm (%) 0-005m (%) 
1 0-54 0-12 78 — a+ 0-41 24 
2 044 0-04 91 0-18 59 — oa 
3 051 0-01 98 0-07 86 — 
4 068 014 79 0-39 43 — — 
5 0-77 — -- — —- — — 
6 054 0-06 89 0:37 31 0-42 22 
7 0-76 — —_ 0-47 38 0-69 9 
8 060 0-17 72 — — — — 
9 104 O15 86 — — — — 
10 116 0-40* 67 — —- — os 
ll 0-73 _- -= — — -— 
12 068 0-07 90 0-30 56 — 
13. 0-62 — — — — — 
14 0-59 -- — — = — 
15 0-78 — — — — — — 
16 0°75 -- — —_ — — — 
17 0-62 oo — — —_ — — 
18+ 0-54 — — — — — — 
19 0-63 — — — — — 

20 0-61 — — — — — — 
21 0-43 — — — — — — 
22 0:30 — — 0-06 80 — -- 
23+ 0-56 0-01 98 — — — -- 
24+ 0-80 -- _ - — —_ 
Mean 85 56 18 


* 0-36 in absence of lactate. 


pounds, they (with malate) appear to be much less 
inhibitory at 0-01, and it seems possible that their 
mode of action, like that of lactate, pyruvate and 
glucose, may be different from that of the three 
compounds first mentioned. The results were 
essentially the same when lactate was omitted from 
the bicarbonate Ringer solution, and also when phos- 
phate Ringer solution was employed, although 
measurement of inhibition was difficult owing to the 
low rate of synthesis in the controls in this medium 
(see p. 218). 

The possibility that glucuronate reduced glucu- 
ronide synthesis by depression of the respiration of 
the liver slices was investigated by comparing slices 
from well fed mice, respiring in presence of 0-02m- 
lactate, with others to which glucuronate was added 
at the beginning of the equilibration period. Since 
it was found that o-aminophenol itself, even in 
presence of lactate, caused a slight falling off in 
respiration after 40-50 min., experiments were per- 
formed with and without o-aminophenol and 
ascorbic acid, but the results were, in general, the 
same. Two typical experiments are shown in Fig. 1. 
Frequently, there appeared to be a slight initial 
stimulation of respiration by glucuronate lasting 
about 30 min. The oxygen uptakes with glucuronate 





Gluconate Saccharate 
In- In- In- In- 
hibition hibition hibition hibition 
002m (%) OOlm (%) 002m (%) OOlm (%) 
—- _— = —- 0-26 52 0-45 17 
0-28 45 — — 0-32 37 — — 
0:39 49 oa oo 0-50 35 — — 
0-33 39 = — — -- 0-42 22 
0-65 38 a _ 0-70 33 — — 
—- — a — 0-55 25 0-53 27 
0-50 26 — — — - — — 
0-21 66 — — — - 0-32 48 
a ~- o _ — --- 0-40 32 
oo —- a —_ —_— — 0-49 37 
— _ + —- — — 0-65 13 
— — — — 0-40 35 0-50 19 
0-29 46 — — 0-25 54 — — 
0:39 38 0-52 17 0-26 59 0-53 16 
0:32 48 0:56 8 — —- 0-36 41 
0-15 65 0-25 42 — - 0-14 67 
—_ — 0-19 37 ~- os 0-23 23 
_ —- — — 0-49 39 — — 
46 26 41 30 


+ Lactate not present in medium. 


showed considerable variation, even in the same 
experiment, a slight stimulation or a slight in- 
hibition being observed at different times. It seems 
that any inhibition of the respiration of liver slices 
under the above conditions by 0-02M-glucuronate is 
small. It certainly could not account for the in- 
hibition of glucuronide synthesis since prolonged 
starvation, which depresses the respiration of liver 
slices considerably, has already been shown not to 
affect the synthesis. Saccharate, in a concentration 
of 0-014Mm, was found by Karunairatnam & Levvy 
(1949) to have no effect on the respiration of mouse- 
liver slices. 


Influence of oxygen tension 


In agreement with Lipschitz & Bueding (1939), 
anaerobic conditions have been found to inhibit 
synthesis almost completely (Table 5). The gases 
used were taken directly from cylinders without 
purification. For experiments with air, phosphate 
Ringer solution was employed to simplify the 
technique. , 

It is evident that glucuronide synthesis requires 
the continuance of oxidative processes as a means of 
supplying energy. Decreasing the oxygen tension to 
that in air has no depressant effect on the synthesis, 


| 
| 


Fig 
l 
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Table 4. Influence of various monocarboxylic and dicarboxylic acids and of glucose 


i 
upon glucuronide synthesis by mouse-liver slices 


) (Incubated 1 hr. in bicarbonate Ringer solution; 0-02m-lactate, 2-3 x 10-*m-OAP, 0-001 M-ascorbic acid. Well fed mice.) 
OAP conjugated/mg. dry wt. liver/hr. (yg.) 


As would be expected (see preceding section), the 
respiratory inhibitor cyanide inhibits synthesis 
(Table 6), in agreement with Lipschitz & Bueding 
(1939), who obtained complete suppression of glu- 
curonide formation with 0-001 M-potassium cyanide. 
0 10 20 30 on aes 60 70 8 9 According to Van Heyningen (1935), this concen- 

Fig. 1. Effect of glucuronate on O, uptake of well fed mouse- pees = aan a 
liver slices in presence of 0-02M-lactate. Exp. 1: O—O, slices by 15-85 /0° 
De Meio & Arnolt (1944) have suggested that 


+—+, controls; D—O, @—@, 0-02m-glucuronate. ; : 7 > 
Exp. 2: © ---- O, control; V----V, @---- @,0-02m- glucuronide synthesis might take place in the body 


: glucuronate. Glucuronate added before equilibration. by a reversal of hydrolysis coupled with an energy- 


ee ae er” eee 
Succinate Fumarate Lactate Glucose 
In- In- In- In- In- In- 
| Exp. Con- hibition hibition hibition hibition hibition hibition 
b no. trol 002m (%) OOlm (%) 002m (%) OOlm (%) 002m (%) 002m  (%) 
4 0-68 _ _ _ _ _ _ _— _ 0-56 18 _— — 
122 068 — = _ — _ — ~ — 064 6 oo on 
14 0-59 0-45 24 0-51 14 — _ —_— _ 0-56 5 _- — 
15 0-78 _— _ 0-58 26 — — 0-56 28 —_— — — == 
16 0-75 _ _ 0-75 0 _ _— 0-75 0 — _— — — 
% 06 — na on — = _ a oi 0-56 14 ae wwe 
26 0-62 0-29 53 0-42 32 —_— _ — _— _ _ 0-52 16 
27* 0-67 0-35 48 0-67 0 _ —_— — _ 0-59 12 — — 
23 102 — — a ~ — _— _ _ _ — Cn 5 
Mean 11 11 
Malate Pyruvate 
A eo 
In- In- 
hibition hibition 
OOlm (%) 002m  (%) 
, 8 060 052 13 ~ — — — —_ — — — o7 2 
F  18t 054 025 54 — — — — — — — — — — 
23¢ = 0-56 _ _ _ _ 0-34 39 0-61 -9 _ _ — _ 
| %4t 080 0-50 38 — — — — — — — — — _ 
29 0-45 — — — _ 0-29 36 0-40 ll —_ — — ~- 
3020890 — at ‘a os “ wn oe _ — — 079 ll 
31 0-58 — —_ 0-58 0 _— _ 0-55 5 0-54 7 —_— — 
» 32 1-30 — —_— 1-05 19 _ _ 1-07 18 1-05 19 _ -- 
Mean 38 13 38 9 13 17 
) * Fasted 24 hr. + Lactate not present in medium. 
. at least for the low rates attainable in phosphate 
' 2 , s a 
» | Ringer solution. This is to be expected as Laser 
20 (1937) showed that the respiration of rat-liver slices 
bi is depressed only to a small extent in air as compared 
18 with pure oxygen. 
It might be argued that the inhibition of synthesis 
16 by glucuronate described in the previous section 
a could be explained as an inhibition by excess sub- 
34 strate of f-glucuronidase, sufficient glucuronate 
3 ; P 5 
£0 being normally produced aerobically by the slices 
2 for synthesis to continue at its maximum rate. Such 
> 10 an explanation cannot, however, be correct since 
| % glucuronate fails to re-establish synthesis under 
& 8 anaerobic conditions when, on this line of thought, 
there would be no ‘endogenous’ production of 
, 6 glucuronate. 
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Table 5. Influence of oxygen tension on glucuronide synthesis by mouse-liver slices 


(2:3 x 10-*m-OAP, 0-001 M-ascorbic acid. Incubation for 2 hr. Yellow phosphorus in centre well to absorb O, in Exps. | 


1 and 2.) 
Exp. 

no. Medium 
1 Bicarbonate Ringer solution + 0-02 m-lactate 
2 Bicarbonate Ringer solution + 0-02 M-glucose 
3 Phosphate Ringer solution + 0-02Mm-lactate 
+ Phosphate Ringer solution + 0-02M-lactate 

Table 6. Inhibition of glucuronide synthesis in 


mouse-liver slices by cyanide 


(Bicarbonate Ringer solution; 0-02M-lactate, 2-3 x 10-4m- 
OAP, 0-001 M-ascorbic acid. Incubation 1 hr.) 


OAP conjugated/ 


Exp. KCN mg. dry wt. Inhibition 
no. (mM) liver/hr. (yg.) (%) 
1 — 0-81 —_— 
0-001 0-05 94 
2 —_— 0-53 —- 
0-001 0-03 94 
0-0005 0-06 89 

Table 7. Stability of o-aminophenylglucuronide in 


presence of normal or cyanide-poisoned mouse-liver 
slices 


(Bicarbonate Ringer solution; 0-02M-lactate, 0-001 m- 


ascorbic aid.) 
o-Aminopheny]l- 


glucuronide 
Exp. Incubation Cyanide Added Found 

no. (min.) (mM) (ug-) (Hg-) 
1 120 _ 11-1 12-1 
0-001 11-1 11-9 

0-0005 11-1 11-8 

2 150 — 11-7 12-0 
0-0027 11-7 12-0 

0-0027* 11-7 12-1 


* Incubated 20 min. before adding cyanide. 


yielding mechanism. Blocking of the respiratory 
process by cyanide should then result in hydrolysis 
(cf. Borsook & Dubnoff, 1947). This was investigated 
by shaking liver slices with o-aminophenylglucu- 
ronide in presence of varying concentrations of 
potassium cyanide (Table 7). 

It will be seen that no hydrolysis occurred either 
with the control slices, or with those poisoned with 
cyanide. This experiment must be interpreted 


OAP conjugated/ 


Glucuronate mg. dry wt. 

Gas phase (m) liver/hr. (yg.) 
5% CO, in O, — 0-44 
5% CO, in N, — 0-00 
5% CO, in N, 0-004 0-00 
5% CO, in O, _— 1-35 
5% CO, in N, — 0-03 
5% CO, in Nz 0-004 0-03 
5% CO, in N, 0-001 0-03 
100% O, — 0-12 
Air — 0-12 
100% Nz — 0-05 
100% O, _ 0-09 
Air — 0-09 
100% Nz —_— 0-02 


cautiously since permeability may possibly be a 
factor. However, the result was the same in Exp. 2, 
even when time was allowed for penetration of the 
liver cells by the glucuronide (cf. Friedenwald & 
Becker, 1948) before poisoning with cyanide. 


Inhibition by azide 


It has been known for some years that azide is 
able to prevent a variety of assimilatory and related 
processes. Although the original observations of 
Keilin (1937) that azide strongly inhibited both the 
respiration of yeast and the cytochrome oxidase 
system of heart might explain the effect under 
aerobic conditions, they are obviously insufficient to 
explain the influence upon anaerobic metabolism 
(Winzler, Burk & du Vigneaud, 1944; Brockmann & 


1950 


Stier, 1947; Spiegelman, Kamen & Sussman, 1948). | 
It is now evident that, at concentrations which do | 


not inhibit respiration, azide can still affect aerobic 
processes (Winzler, 1940; Hotchkiss, 1944; Giese, 
1945; Clifton, 1946). All these findings can be 
explained by the demonstration by Loomis & Lip- 
mann (1948, 1949) that azide interferes with the 
generation of high-energy phosphate bonds. Since 


it is generally accepted that such bonds form the | 


primary source of energy for animal tissues in both 
aerobic and anaerobic metabolism, it appeared of 
interest to study glucuronide synthesis in presence 
of concentrations of azide which would not affect 
respiratory activity. 

Laser (1942) observed that 0-002Mm-sodium azide 
inhibited the respiration of mouse-kidney slices by 
40-60 % at pH 7-3, and 60-80 % at pH 6-8. Sucha 
variation with pH, first demonstrated by Keilin 
(1937) for yeast, was also shown to hold for rat brain 
and muscle by Hollinger, Fuhrman, Lewis & Field 
(1949). Since no record of the influence of azide on 
liver respiration could be found in the literature, 4 
study has now been made using the livers of fully 
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fed mice. The phosphate Ringer solution contained 
0-02 m-lactate, butno0-aminophenolorascorbicacid, 
and the pH was 7-3-7-4. The results were the same 
when the azide was added to the slices either before 
the equilibration period, or from the side bulb during 
the course of the experiment. Over the first hour of 
observation, in three experiments with 0-0005m- 
azide and seven with 0-001 M-azide, no inhibition was 
observed. In two cases at the higher concentration, 
a slight falling off in the respiration became evident 
after 1 hr. 0-002mM-Azide showed a small inhibition 
in two experiments. 
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Since 1 x 10-*m-DNP was found to increase the 
respiration of rat-liver slices 40 % (Franz, Zamecnik, 
Reese & Stephenson, 1948), this concentration was 
used to study the influence of DNP on glucuronide 
synthesis, and, as shown in Table 9, it causes almost 
complete inhibition. However, in view of the 
chemical relationship between o-aminophenol and 
DNP, it became necessary to consider whether this 
effect is really due to inhibition of high-energy phos- 
phate formation, or whether the two compounds are 
merely competing for the enzyme system concerned 
in glucuronide synthesis. Accordingly, o0-nitro- 


Table 8. Inhibition of glucuronide synthesis in mouse-liver slices by sodium azide 


(Incubation 1 hr. in bicarbonate Ringer solution; 0-02M-lactate, 2-3 x 10-*m-OAP, 0-001 m-ascorbic acid.) 


OAP conjugated/mg. dry wt. liver/hr. (yg.) 
ene 





Ringer cr 

Exp. solution NaN, Inhibition NaN, Inhibition NaN, Inhibition 
no. pH Control 0-002M % 0-001 mM (%) 0-0005 mM (% 

1 7-30 0-54 _ _— 0-27 50 — — 

2 7:33 0-57 — _— 0-24 58 0-38 33 

3 7-42 0-62 _ _— 0-54 13 0-58 6 

4 7-36 0-49 0-18 63 0-35 29 _ — 

5 7:38 1-13 0-50 56 0-89 21 1-02 10 

6 7-39 1-43 0-55 62 1-21 15 1-22 15 

y hag 7-32 0-48 _ — 0-20 58 — — 


* 0-02M-glucose instead of lactate. 


Table 9. Effect of 2:4-dinitrophenol, o-nitrophenol and 2-amino-4-nitrophenol 
upon glucuronide synthesis by mouse-liver slices 


(Incubation 1 hr. in bicarbonate Ringer solution; 2-3 x 10-*m-OAP, 0-001 m-ascorbic acid, 0-02 M-lactate.) 


OAP conjugated/mg. dry wt. liver/hr. (ug.) 
A 





f oe 
Exp. no. 1 2 3 + 5 6 7 8 
Control 0-45 0-89 0-34 0-70 0-34 0-47 0-82 1-14 
2:4-Dinitrophenol (1 x 10-4m) 0-02* 0-02 0-06 0-22 0-07 0-06 0-06 0-15 
Inhibition (%) 96 98 82 69 79 87 93 87 
o-Nitrophenol (1 x 10-*m) — — — 0-75 0-31 _ 0-71 — 
2-Amino-4-nitrophenol (lx10-*m) — _ _ _ _— 0-15 0-34 0-48 


* With 0-2 x 10-4Mm-2:4-dinitrophenol, synthesis was 0-35 yg./mg./hr. (22% inhibition). 


In Table 8 is shown the influence of azide upon 
glucuronide synthesis, and it is evident that there is 
considerable interference at azide concentrations 
having no inhibitory effect on respiration. 


Inhibition by 2:4-dinitrophenol 


It is well known that 2:4-dinitrophenol (DNP) and 
anumber of related nitrophenols are powerful stimu- 
lators of respiration. Like azide, they prevent a 
wide range of assimilatory processes (Martin & Field, 
1934; Clowes & Krahl, 1937; Hotchkiss, 1944; 


Clifton, 1946; Spiegelman & Kamen, 1946), sug- 
gesting that the primary energy source of the cells 
is being interfered with. This is confirmed by the 
demonstration of Loomis & Lipmann (1948) that 
DNP reversibly uncouples the generation of high- 
energy phosphate bonds from oxidation. 


phenol and 2-amino-4-nitrophenol were studied for 
comparison, and Table 9 shows that whilst the 
former is almost entirely non-inhibitory, the latter, 
though it depresses glucuronide formation, is much 
less active than DNP. When o-nitrophenol is fed to 
rabbits, it is conjugated to about 7% as sulphate 
(Williams, 1938), and to a considerably greater 
extent as a glucuronide (Prof. R. T. Williams, private 
communication). It is the least toxic of the mono- 
nitrophenols, and Clowes & Krahl (1937) showed 
that it had no effect on either respiration or cell 
division in Arbacia. Although Heymans & Casier 
(1935) found that 2-amino-4-nitrophenol stimulated 
the metabolic rate in dogs and pigeons, the effect was 
only about 14 % of that caused by DNP; and Judah 
& Williams-Ashman (1949) were unable to detect 
any significant lowering of the P/O ratio in kidney 
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homogenates at a concentration twice that of DNP 
which inhibited phosphate uptake 90%. As the 
latter authors (private communication) have pointed 
out, contamination of 2-amino-4-nitrophenol by 
small amounts of DNP might explain at least part 
of the observed effect of the former compound. 
Guerbet & Mayer (1932) showed that 2-amino-4- 
nitrophenol and 2-nitro-4-aminophenol were meta- 
bolic products of DNP, that they were sometimes 
present in urine in a combined form, and could be 
liberated by acid hydrolysis. This could explain the 
increased glucuronic acid excretion by dogs and 
rabbits after injection of DNP observed by Georgescu 
(1932). In the present work several attempts were 
made to detect glucuronide formation by liver slices 
in presence of DNP by prolonged ether extraction 
of the acidified Ringer solution followed by esti- 
mation of glucuronic acid according to Hanson, 
Mills & Williams (1944). The results were entirely 
negative, although it is possible that DNP-glucu- 
ronide, if formed, would not be ether-soluble. In- 
cubation of 2-amino-4-nitrophenol and DNP with 
liver slices in absence of OAP gave products which 
yielded faint pink colours with the coupling reagents. 
The results (expressed in terms of yg. OAP con- 
jugated/mg. dry wt./hr.) were as follows: at 
1 x 10-*m, 0-09 and 0-06 respectively; at 2 x 10-4, 
0-12 and 0-00 respectively. As the colour in the case 
of 2-amino-4-nitrophenol was probably due to 
glucuronide formation, it seems likely that DNP was 
first reduced in the 2-position (cf. Greville & Stern, 
1935). Since phenols generally form ester sulphates 
as well as glucuronides, it is of interest that DNP did 
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not increase the excretion of ester sulphate when 
administered to a human subject (Tainter, Cutting 
& Hines, 1935). To summarize, the available 
evidence favours the view that DNP does not form 
a glucuronide. Its inhibitory effect on glucuronide 
synthesis must be due to some other, more highly 
specific, mechanism, and there can be little doubt, 
therefore, that inhibition of high-energy phosphate 
bond formation is the one concerned. 


The influence of bicarbonate* 


At a fairly early stage of the work it was noticed 
that when phosphate Ringer solution was used the 
rate of glucuronide synthesis was always low. 
Further direct comparison of phosphate and bicar- 
bonate Ringer solutions showed that synthesis in 
the bicarbonate medium was much greater than in 
the phosphate (Table 10). The increase was in- 
dependent of the nutritional state of the animal, and 
lactate failed to cause any stimulation in phosphate, 
as in bicarbonate Ringer solution. 

Following the technique of Warren (1944), various 
quantities of sodium bicarbonate solution were 
added to the oxygen-saturated phosphate Ringer 
solution, the liver slices were immediately added, the 
flasks filled with oxygen and stoppered. No pro- 
vision was made for absorbing carbon dioxide. The 
bicarbonate concentrations in column 3 of Table 11 
are calculated from the amount of bicarbonate 
solution added to the phosphate Ringer solution, and 
no account is taken of carbon dioxide lost to the gas 


* Preliminary communication: see Storey (1949). 


Table 10. Comparison of glucuronide synthesis by mouse-liver slices in bicarbonate 
and phosphate Ringer solution 


(Incubation 1 hr.; 2-3 x 10-4m-OAP, 0-001 m-ascorbic acid. Phosphate and bicarbonate Ringer solutions, with or without 


lactate. Mice fasted 24 hr., as indicated.) 


Exp. no. ... eas ae 1 
Phosphate Ringer solution 0-15 
Bicarbonate Ringer solution 0-57 
Lactate (0-02m) + 


Fasted = 


OAP conjugated/mg. dry wt. liver/hr. (ug.) 


eee 
2 3 + 5 
0-06 0-33 0-01 0-15 
0-32 0-57 0-11 0-60 
- a a - 
~ - + - 


Table 11. Influence of bicarbonate upon glucuronide synthesis by mouse-liver slices 


(Incubation 1 hr.; 2-3 x 10-4m-OAP, 0-001 m-ascorbic acid. Exp. 1, 0-02m-lactate; Exp. 2, no lactate. Well fed mice. 


NaHCO, added to phosphate Ringer solution as shown.) 


Ringer solution Gas phase 
Phosphate O, 
Phosphate Og 
Phosphate O, 
Phosphate Oz 


Phosphate 
Bicarbonate 


Oz 
95% 0,-5% CO, 
* Assuming pH 7-30 (Umbreit, 1945). 


OAP conjugated/mg. dry 
wt. liver/hr. (yg.) 


Bicarbonate a 
m/l Exp. 1 Exp. 2 

— 0-34 0-14 

1-5 0-38 — 

2-7 _— 0-35 

6-0 0:47 — 

78 _ 0-54 

16-0* 0-53 0-62 


Ig50 


| 








~ 
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phase during the incubation, or of respiratory carbon 
dioxide. It is evident, nevertheless, that quite small 
concentrations of bicarbonate stimulate glucuronide 
synthesis considerably. Since synthesis was the 
same at pH 7-4 as at pH 7-1 in phosphate Ringer 
solution, any possible pH effects on the addition of 
bicarbonate to this medium may be discounted. 
Since it seemed unlikely that bicarbonate would 
favour the actual formation of the glycosidic linkage, 
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lactate. This suggests that these small, irregular 
increases are due to the carbon dioxide produced as 
a result of the increased respiratory activity of the 
fasted slices in presence of the various substrates, 
rather than to any specific effects of these compounds 
on the synthesis. Little information can be gained 
as to the carboxylation of «-ketoglutarate, since 
citrate was a strong inhibitor of glucuronide syn- 
thesis. 


Table i2. Effect of dicarboxylic acids, lactate, citrate and carbohydrates 
on glucuronide synthesis by mouse-liver slices 


(Incubation 1 hr. in phosphate Ringer solution; 2-3 x 10-*m-OAP, 0-001 m-ascorbic acid. In Exps. 3, 4 and 9, animals 


were well fed; in remainder, fasted 16-24 hr.) 


OAP conjugated/mg. dry wt. liver/hr. (yg.) 


Succinate 
Exp. no. Control 0-01m 
1 0-19 — 
2 0-16 —- 
3 0-21 —_— 
4 0-33 0-39 
0-12 
5 O11 \ aae 
6 0-15 0-21 
7 0-11 0-1! 
8 0-06 0-16 
9 0-28 — 
10 0-01 — 


Glucose Galactose Citrate 
0-02M 0-02m 0-01m 
0-25 — 0-06* 
0-15 0-18 — 
0-23 0-17 — 
— — 0-28 
Lactate Malate Glutamate 
0-02m 0-01lm 0-02M 
0-17 0-15 - 
0-09 — — 
we 0-10 os 
—— = 0-31 
0-01 - 0-00 


* 0-02m-Succinate or citrate. 


these results suggested that carbon dioxide fixation 
played a part in glucuronide synthesis, and it became 
of interest to determine whether any of the known 
fixation reactions were concerned in the process. At 
present, only two are well established as occurring 
in animal tissues, namely, the addition of carbon 
dioxide to pyruvate to form a dicarboxylic acid (the 
Wood-Werkman reaction: Krebs & Eggleston, 1940; 
Evans & Slotin, 1941), and the carboxylation of «- 


‘/ketoglutarate with the formation of a tricarboxylic 


acid, described by Ochoa (1945, 1948). According to 
recent work by Stern (1948), the second reaction is 
quantitatively the more important in mammalian 
liver. 

If the step involving carbon dioxide fixation is the 
limiting one for glucuronide synthesis in phosphate 
buffer, the addition of the substance formed by 
fixation should stimulate the synthesis. The effect 
of certain components of the tricarboxylic acid cycle 
was therefore studied, using fasted mouse-liver slices 
in phosphate Ringer solution without added bicar- 
bonate (Table 12). Glucose, galactose and lactate 
were also tested, for comparison. Succinate, malate 
and glutamate (in place of «-ketoglutarate) caused 
increases in some experiments, but the stimulation 
of synthesis was small, and the results in general 
were similar to those with glucose, galactose and 


Inhibition by sulphate ion 


Levvy & Storey (1949) stated that, when inorganic 
sulphate (0-0012mM) was present in the Ringer 
solution, ‘the readings were, if anything, slightly 
lower than those obtained with slices from the same 
animal in sulphate-free Ringer’. It has now been 
found that sulphate ion causes considerable in- 
hibition of glucuronide synthesis (Table 13). 

The possibility that the inhibition was due to 
formation of an ester sulphate was investigated by 
estimating free o-aminophenol before and after acid 
hydrolysis. 


o-Aminophenol was estimated by the colour reaction of 
Folin & Ciocalteu (1927). To 3 ml. of the phenol solution 
there was added 1 ml. of the Folin-Ciocalteu reagent diluted 
with an equal volume of water, followed by 4 ml. n-Na,CO, 
solution. After mixing, the colour was developed at 37° for 
20 min., and measured in a Spekker photoelectric absorptio- 
meter, using the Ilford no. 602 blue filter. With a freshly 
prepared standard solution of resublimed o-aminophenol in 
0-01m-HCl, a linear relationship was obtained between the 
extinction and the amount of o-aminophenol in the range 
studied (0-60 yg.). Since both o-aminophenylglucuronide 
and ascorbic acid interfere in the colour development, it 
was necessary to extract the phenol from the Ringer solution. 
Preliminary experiments having showed that o-aminophenol 
was quantitatively extracted by ether from aqueous solution 
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above pH 5-2, m-acetate buffer, pH 5-8, was chosen, as it was 
considered desirable to extract below pH 7-0 to minimize 
oxidation of the free phenol. o-Aminophenylglucuronide and 
ascorbic acid were not extracted under these conditions. 

General procedure. Mouse-liver slices were shaken in 5 ml. 
bicarbonate Ringer solution containing either MgCl, or 
MgSO,, both 0-0048m, for 1-5 hr. in 95% O,-5% CO,. The 
fluid (2 ml.) was then taken for determination of glucuronide 
synthesis in the usual manner. 

Free phenol. The fluid (1 ml.) and M-acetate buffer (1 ml.), 
pH 5:8, were pipetted into the thimble of a liquid-liquid con- 
tinuous extractor (Levvy , 1948), and extracted for 1-25 hr. 
with peroxide-free ether. The ether was then evaporated 
under diminished pressure, the residue taken up in 3 ml. 
water and the phenol estimated as described above. 

Phenol after hydrolysis. To 1 ml. of the fluid in an extractor 
thimble, 0-1 ml. conc. HCl was added, and the tube im- 
mersed in a boiling-water bath for 10 min. After cooling, 
and the addition of 0-5 ml. 2nN-NaOH to neutralize excess 
acid and 1 ml. acetate buffer, pH 5-8, the procedure was as 
before. 
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In each of two further experiments, the inhibition 
of glucuronide synthesis (58 and 61 % respectively) 
produced by 0-0048M-sulphate was not reversed by 
0-004m- or by 0-002M-glucuronate. This is further 
evidence for the suggestion that free glucuronate 
does not participate in the system responsible for 
glucuronide synthesis. 


Synthesis by tissues other than liver 


Lipschitz & Bueding (1939) examined a consider- 
able range of tissues for glucuronide-synthesizing 
ability, but with the exception of kidney all the 
results were negative. During the present work, in 
two experiments the following figures were found 
(results in terms of yg. OAP conjugated/mg. dry 
wt./hr.): liver, 0-79 and 0-61; kidney, 0-09 and 0-04, 
respectively. Nosynthetic ability was observed with 
spleen slices. 


Table 13. Inhibitory effect of sulphate ion upon glucuronide synthesis by mouse-liver slices 


(Incubation 1 hr. in bicarbonate Ringer solution; 0-02M-lactate, 2-3 x 10-*m-OAP, 0-001M-ascorbie acid, equimolar 


quantities of either MgCl, or MgSO,.) 


0-0024m-SO,-- 
Without SO,— 
(OAP conjugated / OAP conjugated/ 

mg. dry wt. mg. dry wt. 

Exp. no. liver/hr.) (yg.) liver/hr. (ug.) 
1 0-66 — 
2 0-83 _ 
3 0-92 —_ 
+ 0-68 0-46 
5 1-10 0-49 





0-0012m-SO,-— 
c aia Y 
OAP conjugated/ 
Inhibition mg. dry wt. Inhibition 
(%) liver/hr. (ug.) (%) 
— 0-54 18 
— 0-66 20 
—- 0-55 40 
32 0-53 22 
55 0-53 52 


Table 14. Production of glucuronide and of ester sulphate by mouse-liver slices with 
or without sulphate ion in the medium 


(Incubation 1-5 hr. in bicarbonate Ringer solution; 0-02M-lactate, 2-3 x 10-*m-OAP, 0-001 M-ascorbic acid, equimolar 


quantities of either MgCl, or MgSO,.) 


Flask no. eae es es 1 
SO,— (mM) . ee — 
Liver (mg.) 24-8 
ee 
Conjugated as glucuronide (A) 0-90 
Free phenol (B) 2-73 
Phenol after hydrolysis (C) 3-42 
Ester phenol (C — B) 0-69 
4-32 


Total phenol (A +C) 


To make the different experiments comparable, all 
results are referred to 1 mg. dry-weight liver as basis 
(Table 14). They show clearly that depression of 
glucuronide formation in presence of inorganic sul- 
phate is accompanied by a large increase in phenol 
extractable only after hydrolysis in n-hydrochloric 
acid at 100° for 10 min. Since o-aminophenyl- 
glucuronide and phenylglucuronide are unchanged 
by this treatment, whereas phenylsulphuric acid is 
completely hydrolysed (Levvy & Storey, 1949), it is 
safe to assume that the acid-labile substance present 
is indeed an ester sulphate. 





2 3 + 
_ 0-0048 0-0048 
30-5 27-2 27-5 
OAP/mg. dry wt. liver/hr. (ug.) 

d as 
0-81 0-38 0-37 
2-05 0-88 1-22 
2-74 3-86 3-47 
0-69 2-98 2-25 
3-55 4-24 3-84 

DISCUSSION 


Since Lipschitz & Bueding (1939) were able to de- 
monstrate the stimulating action of certain three- 
carbon atom compounds in a very clear-cut manner, 
it is not evident why their results could not be 
repeated. Their starved animals showed only a very 
slight conjugation, whereas in the present work a 
comparison of Tables 1 and 2 suggests that there was 
no appreciable difference between the two groups of 
animals. Nevertheless, the rates of synthesis found 
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in the two laboratories are approximately of the 
same order of magnitude. 

Conclusive evidence that the enzyme f-glucuroni- 
dase is not concerned in the synthesis of glucuronides 
in the body has been presented by Levvy, Kerr & 
Campbell (1948); Karunairatnam & Levvy (1949) 
and Karunairatnam, Kerr & Levvy (1949). The 
findings that cyanide-poisoned slices do not hydro- 
lyse o-aminophenylglucuronide, and that glucu- 
ronate is actually an inhibitor of the synthesis, are 
in accord with this view. The failure of glucuronate 
to relieve the inhibition caused by anaerobiosis and 
by sulphate ion further suggests that free glucuronate 
does not take part at any point in the glucuronide- 
synthesizing enzyme system, irrespective of its 
nature. 

In recent years, considerable advances have been 
made in our knowledge of the mechanism of the 
synthesis of glycosidic linkages, by Cori (1939) in his 
studies on glycogen, Hanes (1940) on starch and 
Kalckar (1947) on nucleosides. In each case the 
reaction involves an aldose-1-phosphate and a phos- 
phorylase. With liver phosphorylase the synthesis 
of glycogen is strongly inhibited by free glucose (Cori 
& Cori, 1940), and the inhibition is competitive (Cori, 
Cori & Green, 1943). Mannose, galactose, maltose, 
fructose and glucose-6-phosphate have very little 
inhibitory effect. Campbell & Creasey (1949) re- 
ported that gluconic and ascorbic acids were without 
influence on muscle phosphorylase. It has been 
shown in the present paper that glucuronate is a 
powerful inhibitor of glucuronide synthesis, and that 
its activity in this respeci is s:uch greater than that 
of any of the other compounds tested. By analogy, 
a reasonable hypothesis for the synthesis of a 
glucuronide would then be the reaction of the 
aglycone with glucuronic acid-l1-phosphate under 
the influence of a phosphorylase, rather than the 
tentative suggestion of Lipschitz & Bueding (1939) 
that condensation of the aglycone with a three- 
carbon compound took place. 

Although bicarbonate undoubtedly stimulates 
glucuronide synthesis in high degree, suggesting that 
carbon dioxide fixation is involved, there is no 
definite evidence for the reaction mechanism. The 
results in Table 12 might be taken as an indication 
that carboxylation of pyruvate is not involved, since 
malate and succinate were unable to replace carbon 
dioxide. Since citrate was strongly inhibitory, little 
can be adduced as to whether carboxylation of «- 
ketoglutarate is concerned. The magnitude of the 
effect of bicarbonate in Table 10 is, however, com- 
parable with that observed by Krebs & Eggleston 
(1940) for the synthesis of citrate, «-ketoglutarate, 
fumarate and malate from pyruvate in pigeon liver, 
and suggests that the action of carbon dioxide is a 
more or less direct one. 

Although it is now well recognized that azide can 
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inhibit assimilatory processes in micro-organisms, 
whilst leaving the respiratory system unimpaired, a 
similar effect does not appear to have been described 
for mammalian tissues. The present work suggests 
that azide may be useful in the latter field in those 
cases where the use of DNP might be undesirable, 
e.g. owing to interference with analytical procedures. 
Taken together, the inhibitory effect of azide and of 
DNP upon glucuronide synthesis provides strong 
evidence that this process depends on a supply of 
high-energy phosphate bonds. If the hypotheses 
suggested in the preceding paragraphs are correct, 
then this finding receives at least a partial explana- 
tion, since this source of energy would be essential, 
ultimately, for the formation of glucuronic acid-1- 
phosphate, and probably also for the fixation of 
carbon dioxide, which is an endergonic process 
(Ochoa, 1946). 

It has been known for many years that certain 
substances, such as phenol, are conjugated in the 
body to form both ester sulphates and glucuronides. 
o-Aminophenol is similarly conjugated, to approxi- 
mately the same degree by both routes, in the rabbit 
(Williams, 1938, 1943). The results now presented 
show that the inhibitory effect of sulphate ion upon 
glucuronide synthesis is the result of competition 
between the enzyme systems concerned in the two 
modes of conjugation for the o-aminophenol avail- 
able. The mice used in these experiments resemble 
the Rosario strain of rats of De Meio & Arnolt (1944), 
in that there was considerable ester sulphate forma- 
tion in sulphate-free Ringer solution. That an acid- 
labile sulphate ester of o-aminophenol is formed con- 
firms the view that sulphate conjugation is not 
measured in the method of Levvy & Storey (1949) 
for studying glucuronide synthesis. 


SUMMARY 


1. The synthesis of glucuronides by mouse-liver 
slices in the presence of o-aminophenol has been 
studied with particular regard to its stimulation and 
inhibition by various reagents. 

2. The synthesis of glucuronides by liver slices of 
fasted animals in presence of o-aminophenol could 
not be stimulated by lactate or pyruvate. 

3. Glucurecnate (0-02m) inhibits the synthesis 
in high degree. Saccharate and gluconate are 
much less effective, whilst various monocarb- 
oxylic and dicarboxylic acids have still lower 
inhibitory action. The significance of these results 
is discussed. 

4. It has been found, in agreement with previous 
workers, that anaerobiosis and cyanide abolish 
synthesis. Hydrolysis of o-aminophenylglucuronide 
by cyanide-poisoned slices could not be detected. 

5. Azide, at concentrations which do not inhibit 
respiration, and 2:4-dinitrophenol, inhibit glucu- 





222 


ronide synthesis, suggesting that high-energy phos- 
phate bonds are required as a source of energy. 

6. Bicarbonate has a markedly stimulating effect 
on glucuronide synthesis, suggesting that fixation of 
carbon dioxide may be involved in the process. 

7. Sulphate ion inhibits glucuronide synthesis by 
forming ester sulphate, and it is concluded that the 
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glucuronide and ester sulphate syntheses are 
mutually competitive. 


The author wishes to express his thanks to Dr G. A. Levvy 
for a specimen of o-aminophenylglucuronide, and to Mr D. 
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The Amino-acid Pattern in Human Foetal 
and Maternal Plasma at Delivery 
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Christensen & Streicher (1948) have now confirmed 
beyond reasonable doubt the earlier view that 
differences occurred between the total free «-amino 
nitrogen concentrations of foetal and maternal 
plasmas, the foetal being always higher than the 
maternal. In guinea pigs, for example, the ratio be- 
tween the two was about 5, in the rabbit 1-5—2-0 and 
in the human 1-7.* The conclusion reached was that 
the placenta acted as a pump, withdrawing amino- 
acids from the mother and then transferring them 
at a higher concentration into the foetal plasma. 
Christensen & Streicher (1948) thought that this 
should facilitate rapid protein synthesis in the foetus 
on asimple mass action basis, since they were able to 
show in animal experiments that the raised foetal 
plasma concentration was associated with a raised 
concentration of amino-acids in the foetal tissues. 
Their findings also explained the low plasma «-amino 
nitrogen (average 3-2mg./100ml.) found in pregnant 
women by Bonsnes (1947), and its return to a normal 
level (average 4-3 mg./100 ml.) soon after delivery. 

In the present investigation we have determined 
the total «-amino nitrogen of human foetal and 
maternal plasma and have analysed the differences 
in amino nitrogen in terms of individual amino-acid 
concentrations of the foetal and maternal plasmas. 
In this way the validity of Christensen’s hypothesis 
could be checked, for it is obvious that protein 
synthesis in the foetus could be facilitated, in the 
way suggested, only if all the requisite amino-acids 
were found to be concentrated. If the rise in total 
a-amino nitrogen was caused entirely by a few 
amino-acids then the suggestion would have to be 
made that these few were involved in some process 
unconnected with the provision of protein-building 
blocks. 

A preliminary report of this work has already 
appeared (Crumpler, Dent & Lindan, 1950). 


METHODS 


Cases studied. Some details of the cases chosen are shown 
in Table 1. All were taken from the labour ward of the 
Obstetric Hospital, University College Hospital, London. 

Collection of blood samples. As soon as the child was born 
and the umbilical vein clamped and cut, blood was collected 





* See footnote to Table 4. 


from the placental end of the cord directly into a tube con- 
taining heparin. Most of this blood drained from the en- 
gorged veins of the cord, and was therefore mainly blood 
that had just traversed the placenta. This is called ‘foetal 
blood’. The placenta was always in ulero when the blood was 
collected, but the placenta may, of course, have become 
partly detached. 

Blood was drawn from the antecubital vein of the mother 
immediately after the foetal sample was obtained, heparin 
again being used as anticoagulant. 

Chromatographic analysis of plasma. The plasma, sepa- 
rated by centrifugation, was deproteinized by ultrafiltration 
through a collodion bag as described by Dent & Schilling 
(1949). The ultrafiltrates were desalted in a micromodification 
of the electrolytic apparatus described by Consden, Gordon 
& Martin (1947). They were then ready for paper chromato- 
graphic analysis (Consden, Gordon & Martin, 1944), two-way 
chromatograms on Whatman no. 4 filter paper with phenol- 
NH, and collidine-lutidine as solvents being exclusively used 
(Dent, 1948). To detect methionine and cystine further 
chromatograms were carried out on specimens previously 
treated with H,O, and ammonium molybdate (Dent, 1948). 
Altogether some sixty chromatograms were prepared. The 
strength of the ninhydrin colour given by each amino-acid 
spot was expressed in terms of an arbitrary scale (Dent, 
1947). Alanine and glutamine sometimes overlapped and 
had to be taken together. Leucine and isoleucine, which 
always overlap with the solvents used here, were taken 
together and are alluded to as ‘leucines’. It must be em- 
phasized that the numerical values assigned to colour 
strengths of individual amino-acid spots are not directly 
proportional to the amounts present on the chromatogram; 
nevertheless, with any one amino-acid, equal colours mean 
approximately equal amounts. 

In five cases, chromatograms on the foetal and maternal 
plasmas were run using constant volumes (125 yl.) so as to 
compare the total amino-acid concentrations, and to confirm 
the trends shown by gasometric determinations. In all cases, 
pairs of plasmas were also compared, when the volume 
taken was adjusted to contain a constant total of x«-amino-N 
(13 or 26 yg.) as obtained from the result of the gasometric 
analysis (see p. 224). In this way relative concentrations of 
amino-acids could be compared. The corresponding pairs of 
foetal and maternal plasmas were always run together in 
the same cabinet with all procedures being identical. The Cu 
method of Crumpler & Dent (1949) was used to confirm the 
identity of the y-aminobutyric acid. 

Analysis for total free x-amino nitrogen. The ninhydrin-CO, 
method of Hamilton & Van Slyke (1943) was used, either on 
the plasma or on the plasma ultrafiltrate. The ultrafiltrates 
were treated with picric acid in the same way as the plasmas, 
before addition of ninhydrin. With every specimen the 
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analysis was carried out at least in duplicate and an average 
of closely agreeing values is given. The results are uncor- 
rected for urea. 


RESULTS 


Eight pairs of foetal and maternal blood were suc- 
cessfully collected and subjected to chromatographic 
and gasometric analysis. One further pair of 
specimens (patient M. M.) was analysed only by the 
gasometric method and another pair (patient 8S.) 
only chromatographically. The results are shown in 
Tables 2-4. Five further unpaired samples of foetal 
or maternal blood were obtained and analysed. The 
results fell within the range of the other figures and 
are not given here. The strengths of the spots for 
cysteic acid and for methionine sulphone are taken 
from the additional chromatogram run on the 
specimen previously oxidized with hydrogen per- 
oxide. 

As the original chromatograms are much easier to 
interpret than the tables, some are reproduced in 
Figs. 1 and 2, where are shown analyses from patient 
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M. L. which had the highest (3-0) foetal/maternal 
a-amino nitrogen ratio. The increased foetal con- 
centration of amino-acids is readily seen in Fig. 1, 
where a constant volume of plasma ultrafiltrate has 
been taken. The similarity in the patterns when a 
constant amount of «-amino nitrogen has been taken 
can be seen from Fig. 2. 


DISCUSSION 


It can be seen from Tables 2 and 3 and Fig. 1 that in 
nearly every case the foetal plasma had a higher total 
concentration of amino-acids than the maternal, 
whether the determination was by the roughly 
quantitative chromatographic or by the gasometric 
method. This therefore confirms the findings of 
Christensen & Streicher (1948). The only exception 
was in the case of J. W. which showed a foetal/ 
maternal «-amino nitrogen ratio of only 1-03 by the 
gasometric method, while the chromatographic com- 
parisons indicated that amino-acids had been con- 
centrated in the foetal plasma. We cannot under- 


Table 1. Details of patients 


(Patients arranged in order of decreasing foetal/maternal «-amino nitrogen ratio (NH,-N ratio). B.P.=blood pressure; 


Hb =haemoglobin.) 


Age Pre-partum 
Patient (years) Parity complications 
M. L. 22 0 ? Infective arthritis 
J.R. 33 2 Thrombophlebitis 
J. B. 20 0 None 
I. F. 21 1 None 
DH. 25 1 Mild hypertension 
..L. 36 0 Toxaemia (B.P. 158/90) 
M. M. 20 0 Pre-eclamptic toxaemia 
G. A. 32 1 Pre-eclamptic toxaemia 
J. W. 25 0 Mild toxaemia and pyelitis 


Foetus Foetal- 

—_———._ maternal 

Post-partum Wt. NH,-N 
complications (kg.) Sex ratio 
? Rheumatic carditis 3-32 F 3-0 
Severe varicose veins 3-60 M 1-6 
None 3-40 M 1-6 
Anaemia (64% Hb) 3°47 M 1-6 
Haemorrhage 3-70 M 1-6 
None 3-15 F 1-4 
None 3-40 M 1-3 
Anaemia (65% Hb) 3-37 M 1-2 
None 3-05 F 1-0 


Table 2. Total «-amino nitrogen (NH,-N) of human maternal and foetal plasma 


Foetal NH,-N 


Patient (mg./100 ml.) 
M. L. 6-70* 
J.R. 5-19f 
J. B. 3-94* 
rf. 5-03 
DH. 4-32* 
Pes 4-69* 
M. M. 4-307 
G. A. 4-42* 

4-62+ 
J. W. 2-94* 
Range 2-94-6-70 


Maternal NH,-N Ratio: foetal NH,-N 





Values given by other workers 


Christensen & Streicher (1948)t 

Bonsnes (1947) 
* Determined on the ultrafiltrate of the plasma. 
+ Determined directly on the plasma. 


2-91-4-93 


(mg./100 ml.) * maternal NH,-N 
2-23* 3-00 
3-16¢ 1-64 
2-40* 1-63 
3-10t 1-62 
2-78* 1-55 
[3-37* 1-39 
3-31F 1-30 

| 3-70* 1-23 
2-85* 1-03 
2-23-3-70 1-03-3-00 

2-70-2-98 1-44 
2-4-3-7 


{ In the original paper by Christensen & Streicher (1948) the figures were not for total «-NH,-N but for ‘non-glycine 
non-glutamine «-NH,-N’. These figures gave a foetal/maternal ratio of 1-66. The figures above were kindly provided by 
Dr H. N. Christensen and are from four of the cases previously reported. The cases were not classified clinically. 
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stand this discrepancy, the gasometric analysis 
agreed well (foetal, 2-84, 3-01, 2-96 and maternal, 
2-89, 2-81 mg./100 ml.) and so also did duplicate 
chromatograms. 

With regard to the patterns of amino-acid distri- 
bution in the pairs of plasmas (Table 4) it seems clear 
that all the amino-acids present in maternal plasma 
are present in higher concentrations in the foetal 
plasma. The same amounts of total «-amino nitrogen 
were taken for these chromatograms, except in the 
case of J. W. where the samples were unfortunately 
too small. Three of the eight pairs were practically 


Tyrosine 
Leucines 


Taurine 
C) Glutamic 
-A Alanine Serine 
” “Sy “GA EO oe Aspartic 
Glutamine Glycine 
(a) 
Leucines 
Valine Taurine “aD 


Glycine Serine 


Glutamic 
Alanine and 
glutamine 
() 
Fig. 1. Diagrams of chromatograms from foetal (a) and 


maternal (6) plasma ultrafiltrate (patient M. L.). Each 
sample has been placed at the bottom right-hand corner, 
phenol-NH, has been run from right to left as first solvent, 
followed by collidine-lutidine in an upward direction. 
125 yl. of ultrafiltrate have been taken in each case corre- 
sponding to 8-4 yg. of «-NH,-N in the foetal and 2-8 yg. 
in the maternal plasma. The numbers represent the 
strengths of the spots on the arbitrary scale used. 


identical, while one differed in showing a slightly 
higher relative concentration of taurine in the foetus. 
One showed an unusually high concentration of y- 
aminobutyric acid. These compounds have not been 
found in any protein and are presumably not 
required as protein-building blocks. The remaining 
three pairs showed minor but real differences which 
do not appear to show a consistent trend. It seems 
fair to say, therefore, that the placenta concentrates 
to fairly equal extents all the amino-acids found in 
maternal plasma. This supports the theory that the 
placental ‘pump’ facilitates protein synthesis in the 
foetus. The increased concentrations of taurine and 
y-aminobutyrie acids found in some of 
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the foetal plasmas do not necessarily prove con- 
centration by the placenta. These compounds are 
probably synthesized by the foetus from other 
amino-acids. 

With regard to the possible clinical significance of 
these results there does not appear to be any clear 
connexion between the value of the foetal/maternal 
“-amino nitrogen ratio or the foetal «-amino nitrogen 
concentration, and the size of the foetus (Table 1). 


g-Alanine 


Tyrosine 
o,2 Cysteic acid 
ons, 
Taurine f4™ 


Rocha ee ‘, 1 rs 
ech Threonin, CZ Serine 
f VY Aspartic 


— Glycine 


Q 


Proline 


y-Aminobutyric Glutamic 
ty, Seeabin 
Lysine “be 
(a) 
p-Alanine oa 
Leucines . 
«ul Taurine 


Valine " 


rd 
Be Threonine Serine Glutamic 
Alanine (> / (3) 


5 Aspartic 
Glycine 


(0) 


Fig. 2. Diagrams of chromatograms prepared as described 
under Fig. 1 from foetal (a) and maternal (6) plasma 
ultrafiltrate (patient M. L.). 26 ug. of «-NH,-N have been 
taken in each case corresponding to 390 and 1120 yl. of 
foetal and maternal plasma ultrafiltrate respectively. The 
cysteic acid spot in (a) was taken from another chromato- 
gram in which the ultrafiltrate had been previously 
oxidized with H,O, and ammonium molybdate. 


y 









Y- -Aminobutyric 


Cr 


Lysine 


Glutamine 


+ 


It is interesting that the four definitely toxaemic 
patients were the only ones with a ratio of 1-4 or 
less. This is reminiscent of the theories on the con- 
nexion between toxaemia and infarcts of the placenta 
(Young, 1914). It may be that the small ratio 
indicates a defective placental function, but the 
number of cases here is too small for it to be more 
than suggestive. 
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Table 3. Paper chromatographic comparison of concentrations of individual amino-acids in foetal 





and maternal plasma 
(The figures refer to colour strengths of the ninhydrin reaction on an arbitrary scale of 10 units, proline strengths are 

indicated by plus signs; a dash (—) indicates that the amino-acid was not found in the amount of fluid used.) ; 
Patient As es M. L.* J. B. D. H. J. W. 8. 
Vol. of ultrafiltrate (l.) 125 125 125 125 125 

as mn —— Se (On 
Foetal (F) or maternal (M) F M F M F M F M F M 
Cysteic acid (from cystine) - ~ _ = - - - - 
Aspartic acid 6 1 ~ ~ ~ ~ ~ ~ - <1 
Glutamic acid 7 2 2 1 <1 <i 1 <1 2 2 
Serine 4 1 <l 2 <l ~ <l - 2 <1 } 
Taurine 2 1 1 ~ <l ~ <l - - ~ 
Glycine 4 2 + 2 2 1 3 2 + <1 
Threonine - - = = - - - - - - 
Alanine ‘ : 6 3 a 7 a 5 6 3 
Alanine + glutamine 7 5 : ; ; ; : 
Glutamine . 5 <1 5 4 5 4 5 - 
Tyrosine <1 - - ~ - - - - - - 
a-Amino-n-butyric acid = - ~ - <1 - - - <4 - 
Methionine sulphone ~ ~ - ~ - - - - - - ) 

(from methionine) 
Valine 7 3 3 2 6 + 6 3 5 1 
y-Aminobutyric acid 5 ~ - - ~ - - - - ~ 
Lysine 2 - 2 <1 3 <l 2 <1 1 - 
Phenylalanine - - ~ ~ - - - - - - 
Leucines + 2 3 1 3 2 5 2 3 <1 
Proline - - ~ ~ <+ <+ - - ~ - 
Arginine - - = - - - - - - - ; 
} 


* Diagrams of these chromatograms are shown in Fig. 1. 


Table 4. Paper chromatographic comparison of amino-acid patterns in foetal and maternal plasma 


(The figures refer to colour strengths of the ninhydrin reaction on an arbitrary scale of 10 units, proline strengths are 
indicated by plus signs; a dash (—) indicates that the amino-acid was not found in the amount of fluid used.) 





Patient a wee M. L.* Jt) oO. I. F. D. H. eI. L. oG.A. J.W. i 
a TSS es 
Amount of amino- 13 26 26 26 26 13 26 26 26 25 21 | 
nitrogen takenf (ug-) —~—V OO oO OST OO UC 
Foetal (F) or F M F M F M F M F Hw Ff 2 Tf E Ff MFrFiskr¥’s 
maternal (M) | 1 
Cysteic acid (from - - l1- - - 1 - - - - 2 8 = - - -— = =a 
cystine) i é 
Aspartic acid | 1 @<) P< - 3 1 l1--- - 1 1 l i<t38 
Glutamic acid 2; 2 3 &. 3 4 2 2 5 4 4 4 5 3 4 3 44 6026 ) 
Serine isv+t9 2 823 4 42 $8374 8 * 24 € 25 * 
Taurine 2 £43 2 I 6 = 2 1 & 2 G2 3 1 2? 1 a 
Glycine 2 2 4 8 £24 4 Fs 6 5 - 6 6 4 4 5 5 } f 
Threonine - 2 4 4 1<1 - = ~ - 2. 4. Siu - - , | ae Q 
Alanine 5 10 6 6 10 we : 4. ©, See 
Alanine+glutamine 5 0. <4) ot. : 9 10 10 10 10 10 . + ae : 
Glutamine es o. 2 *® 9 . 6 & Te CF 
Tyrosine 2 OR 8 ee i ee 1 i <i <i.2 2 1 1 L 1 See v 
a-Amino-n-butyric - <1 - <1 1 1- —- - ~ i<i<l - = - i <)., ieee 
acid 
Methionine sulphone - -—- - - - - ~ ~ - -<l - - - - = seg F 
(from methionine) } @ 
Valine & 8 840 58 4 6 8 8 ft TH AD. oh 8 8 & 8 Oy sf 
y-Aminobutyricacid 3 <l 5 2 - - - = - ~ - - - - ~ - <i. <b <.350) 
Lysine <1.<1 4 3.32 Ws 8 7 4 6. 7 J 7 7 33 TS 
Phenylalanine - - 2 2 2 & @ se 1 1 - - 2 8 2 2 1 1 4<!1 tl 
Leucines s 6 7 @ 4S SS 8 8 5 5 10 10 8 8 4 & & YF t 
Proline = - _ + + = + + eS + + + + + + ++ +? + + + + di 
Arginine - - - - =- =- <1 = - - - =- <] =- <3 =<} <3 <] ee sl 
* Diagrams of these chromatograms (26 yg. strength) are shown in Fig. 2. Ww 
+ As determined by the gasometric method. e th 


Comments: M. L., unusually high concentration of y-aminobutyric acid especially in foetus. Considerable concentration 
of aspartic and glutamic acids in foetus; J. R., I. F. and G. A., foetal and maternal patterns almost identical; J. B., more 
tyrosine and taurine in foetus; D. H., more taurine, lysine and threonine in foetus; I. L., almost identical foetal and maternal he 
patterns except for more taurine in foetus; J. W., several amino-acids stronger in foetus, probably more than accountable 
by the greater NH,-N taken for analysis. 
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SUMMARY 


1. Samples of foetal and maternal blood collected 
at the moment of birth have been analysed by 
chemical means for total «-amino nitrogen and by 
paper chromatography for their content of individual 
amino-acids. 

2. In nearly every case the foetal plasma had a 
higher concentration of «-amino nitrogen than the 
maternal. The increase involved all the amino-acids 
commonly found in these fluids. 
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3. These results are taken to support the view that 
the placenta acts as an amino-acid pump assisting 
the foetus to synthesize proteins. 

4. A low foetal/maternal ratio for the plasma «- 
amino nitrogen occurred only in four out of nine 
cases. In these four cases the mother had definite 
toxaemia of pregnancy. It is suggested tentatively 
that this may indicate that some impairment of 
placental function occurs in toxaemia. 

The writers are especially indebted to Miss A. Dickens, 
M.R.C.O.G. and Sister K. Billing of the Obstetric Hospital 
for the help and facilities freely offered. 
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Reactivation and Protection of Cytochrome Oxidase Preparations 


By H. BOREI* 
Molteno Institute, University of Cambridge 


(Received 7 February 1950) 


Working with isolated cytochrome systems Keilin & 
Hartree (1947a, b, 1949) showed that the loss of 
activity caused by treatments which affect the 
colloidal structure of the enzyme material couid be 
counteracted and the activity restored by addition 
of proteins, or by otherwise causing formation of 
flocculent precipitates in the medium. They sug- 
gested that the loss of activity is due to reduced 
mutual accessibility between the components of the 
system. The first part of the present paper deals 
with that gradual drop in activity of the cytochrome 
oxidase system, which occurs when the oxidase pre- 
paration is stored, and it will be shown that this 
activity can also be restored by the addition of 
protein. 

It was observed by Keilin & Hartree (1938, 1949) 
that the ability of cytochrome oxidase preparations 
to oxidize aromatic amines or succinate is rapidly 
destroyed by drying. The second part of the paper 
shows that the addition of protein before desiccation 
will greatly, and in some cases completely, protect 
the preparations against this inactivation. 

* Now at Wenner-Grens Institut, University of Stock- 
holm, Sweden. 


The activity of the oxidase system in tissue pre- 
parations is measured by the rate of oxidation of 
p-phenylenediamine in presence of added cyto- 
chrome c. 


MATERIAL AND METHODS 


Units. All Qo, values are in yl. O,/mg. dry wt./hr. 

Test system. The oxidation of p-phenylenediamine was 
followed at 39° in differential manometers ; shaking frequency 
120 times/min.; total fluid volume 3 ml, The substrate (final 
concn. 0-03M) was tipped at the beginning of the measure- 
ments from a dangling cup into the main compartment. 
Proteins and other substances were brought in contact with 
the oxidase (with or without cytochrome c) in the main 
compartment at least 30 min. before the addition of the 
substrate. The initial velocity was obtained from the differ- 
ence between the readings at 3 and 13 min. Phosphate 
buffer of pH 7-2 and of final concentration 0-08M was used. 
In the left-hand flask a similar sample was set up, the only 
difference being that the oxidase preparation was boiled. 
By this means the autoxidation of the substrate under the 
conditions of the experiment was largely compensated for. 

Cytochrome oxidase preparations. Two different oxidase 
preparations from horse-heart muscle were used: (1) the 
high-activity preparation (HA) according to Keilin & 
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Hartree (1947a), with the modifications of Keilin & Hartree 
(1949); (2) the low-activity preparation (LA) of Keilin & 
Hartree (1938), which differs from the HA preparation 
mainly in that it contains considerably more inactive 
material. This is due to the different acidity and different 
temperature during the final precipitation. In addition, pre- 
parations of the high activity type, but with increased con- 
tent of inert protein, were used in certain of the experiments 
represented in Fig. 1. These preparations were obtained by 
slightly altering the final precipitation conditions towards 
the acid side (pH slightly less than 5-5). The preparations 
were preserved at 4°. For desiccation experiments they were 
used within 3 days of preparation. All activities are referred 
to a fat-free dry weight (cf. Slater, 1949a). For the HA pre- 
parations the maximum activity calculated for saturating 
concentration of cytochrome ¢ was found by Slater (1948) 
to be around Qo, = 3400 pl./mg. dry wt./hr. The preparations 
used in the present study had, when not otherwise stated, 
about the same activity when freshly prepared. For certain 
experiments with desiccated preparations the cytochrome 
oxidase prepared according to Haas (1943) was used. 

Cytochrome c¢ prepared according to Keilin & Hartree 
(1945), containing 0-34% Fe, was used dissolved in 0-5% 
(w/v) NaCl. The final NaCl concentration in the test system 
was adjusted in each experiment to 0-0115m by further 
addition of NaCl. 

Desiccation. The usual method of vacuum drying was 
used, except that the preparation was frozen to — 12° before 
desiccation. The dry powder was easily suspended again in 
water or phosphate buffer. The suspension obtained was 
slightly flocculent, whereas the untreated fresh preparation 
was a homogeneous, finely dispersed suspension. 


Relative activity 





Age (days) 

Fig. 1. Dependence of the activity of cytochrome oxidase on 
the age of the preparation. For purity, etc., of the pre- 
parations, cf. Table 2. Activity of fresh preparations in 
presence of added cytochrome c=1-0. Final concen- 
trations of added cytochrome c: in la, 73-5 x 10-*m; in 
2a and 3a, 38:3 x 10-*m; in 16 and 25, 0; Qo, of pre- 
parations: 1, 3350; 2, 2800; 3, 1150. 


EXPERIMENTS AND RESULTS 


Activity changes due to ageing of the preparation 
The activity of the LA preparation falls gradually 


with increasing age of the preparation; thus Borei 
(1945) found that a preparation kept for 4 days at 4° 
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had lost 26 % of its activity. The HA preparation is 
susceptible in the same way. The activity in the 
most highly purified preparations is almost com- 
pletely lost in a month (Fig. 1). 

The activity of aged preparations cannot be re- 
stored by the addition of cytochrome c. This is 
obvious from the values of oxidase activity at 
saturating cytochrome c concentration in prepara- 
tions of different age (Table 1). 


Table 1. Activity of a high-activity preparation of 
cytochrome oxidase at different ages and at different 
concentrations of added cytochrome c 


(The values for saturating cytochrome c concentration 
were obtained graphically according to the analysis of 
Lineweaver & Burk (1934). For conditions of test see text, 


— Activit ; 
Y (Qo,; pl./mg. dry wt./hr.) 





ct ‘Y 
Added 
cytochrome c 
Age of No 73-5 x 10-*m Saturating 

preparation cytochromec (finalcon- cytochrome c 
(days) added centration) concentration 

1 710 2760 3000 

3 640 2230 2390 

7 500 1990 2260 

10 470 1740 1920 


A considerable bacterial flora progressively de- 
velops in preparations kept at 4°. The proteolytic 
and general disintegrating activities of this flora 
seem, however, not to be the main cause of the 
decrease in oxidase system activity, as Slater (1949) 
obtained the same type of gradual inactivation 
in oxidase preparations preserved in presence of 
glycerol. That the bacterial flora in itself is not 
responsible for the measured activities in aged pre- 
parations is clearly proved by the curves in Fig. 1, 
which approach zero activity in spite of the in- 
creasing bacterial contamination. 


Table 2. Activity and cytochrome oxidase con- 
centration of the preparations in Fig. 1 


(Qo, (max.) signifies maximal activity of fresh prepara- 
tion calculated at saturating cytochrome c concentration 
(Lineweaver & Burk, 1934) as pl. O, consumed/mg. fat- 
free dry matter/hr. Oxidase concentration expressed as 
pl. O, consumed/ml. fresh preparation/hr. at saturating 
cytochrome c concentration. For conditions of test see 


text, p. 227.) 


Dry wt. 
Oxidase (fat free) Oxidase 
preparation Qo, (max.) (mg./ml.) concentration 
1 3350 11-4 38,000 
2 2800 12-2 34,000 
3 1150 32-5 37,000 


The higher the purity (Qo, at saturating cyto- 
chrome c concentration) of the preparation, the 
steeper is the drop in the activity on ageing (Fig. 1). 
From Table 2 it is obvious that the three prepara- 
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tions represented in Fig. 1 contain roughly the same 
amount of oxidase per ml. Thus they differ mostly 
in their content of foreign proteins. This suggests 
that such proteins also have a protecting effect. 


Addition of protein to fresh and to old 
preparations 


Addition of proteins to the oxidase system (Fig. 2) 
has no influence on the initial rate of oxygen con- 
sumption if the oxidase is freshly prepared. It helps, 
however, to maintain the oxidation at a high level 
for a longer time. With aged oxidase the addition of 
protein, apart from this effect, produces a marked 
increase of the initial rate of oxygen uptake. 


400 


300 


200 


Oxygen uptake (wl.) 


100 





0 10 20 30 40 
lime (min.) 

Fig. 2. Influence of addition of serum on the activity of 
freshly prepared and of aged high-activity preparations 
of cytochrome oxidase. The amount of added serum (ml.) 
is denoted on the curves. Final concentration of added 
cytochrome c was 38-3 x 10-*m. === fresh preparation. 
----- 27 days old preparation. 


These effects are brought about by many different 
proteins (Table 3) as well as by calcium chloride and 
to some extent by suspensions of lecithin. Plasma 
and serum contain, in addition to proteins, several 
other substances which might take part in activating 
the oxidase system. However, it was shown that the 
dialysable components of these fluids are not re- 
sponsible for the activation. 

In the experiments summarized in Fig. 2 addition 
of serum did not completely restore the activity of 
the aged preparation to the level of the fresh one. 
A complete restoration is, however, obtainable 
during the earlier parts of the ageing process. Thus 
a complete restoration is found within a period up 
to 10 days after preparation, during which time the 
oxidase activity, when measured without protein 
addition, drops to 60-70% of that of the fresh 
preparation. 
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Table 3. Augmentation of oxygen uptake in systems 
containing aged high-activity preparations of cyto- 
chrome oxidase 
(Final concentration of added cytochrome ¢ was 

38-3 x 10-*m. For conditions of test see text, p. 227.) 

O, uptake between 
3 and 13 min. 
reaction time 


relative to 


Added substances (0-15 ml.) water control 


Preparation 24 days old 


Water 1-0 
Gelatin, 5% (w/v) solution 1-2 
Lecithin, 5% (w/v) suspension 1-3 
CaCl, (0-03 m) 2-0 
Denatured globin (horse), 5% (w/v) 2-3 
solution 
Serum (horse) 2-3 
Plasma (horse) 2-4 
Preparation 14-17 days old 
Water 1-0 
Serum (hen) 1-4 
Serum (horse) 1-6 


In experiments without added cytochrome c the 
effect of proteins is of the same type as in presence of 
added cytochrome c. 


Effect of desiccation : addition of serum after and 
before desiccation 


Using a slightly different procedure of desiccation 
from that adopted here, Keilin & Hartree (1949) 
found that vacuum drying decreased the succinic 
oxidase activity by about 50%. The cytochrome 
oxidase activity of similar HA preparations de- 
creased in the present investigation (cf. Fig. 4) by 
40-60 %. LA preparations, on the other hand, were 
more resistant and lost only about 25% of their 
activity. It was found impossible to restore the 
activity of desiccated preparations to the original 
level by addition of cytochrome c, as can be seen 
from the experiments on HA preparations in Table 4. 


Table 4. Influence of added cytochrome c on the 
activity of desiccated high-activity preparations of 
cytochrome oxidase 


(The values for saturating cytochrome ¢ concentrations 
were obtained graphically according to Lineweaver & Burk 





Cap Activity (Qo,) 
mm = —_. 
Added 
cytochromec Saturating 
No 73-5 x 10-*m cytochrome c 
cytochrome ¢ (final con- concen- 
” added centration) tration 
Untreated 640 2230 2390 
preparation 
Desiccated 260 890 1020 
preparation I 
Desiccated 230 775 870 


preparation II 





230 


In fact, the percentage increase in activity on adding 
a given amount of cytochrome c is the same after as 
before desiccation. 





8 


~ pl) 


Oxygen uptake ( 


z 


Time (min.) 


Fig. 3. Effect of desiccation in presence and in absence of 
serum on the activity of high-activity preparations of 
cytochrome oxidase. Final concentration of added cyto- 
chrome c, 38-3 x 10-*m. Preparation in e and f had been 
desiccated together with 1 ml. horse serum/ml. a, un- 
treated oxidase; b, as a+0-15 ml. serum; c, dried oxidase; 
d, as c+0-15 ml. serum; e, oxidase dried together with 
serum; f, as e+0-15 ml. serum. 


On the other hand, Keilin & Hartree’s (1949) 
vacuum-dried preparations regained, on addition of 
cytochrome c, full succinic oxidase activity on 
addition of proteins or of certain metal salts. This 
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was not the case, however, with the preparations 
used in this investigation. 

As shown in Fig. 3, addition of protein does not 
cause more than a slight increase in the initial 
oxidation rate of the desiccated preparation. How- 
ever, the addition of foreign protein before desic- 
cation of the oxidase preparation produced a most 
striking protective effect (Fig. 3, curve e), abolishing 
almost completely the inactivation due to desic- 
cation. 

Table 5 shows that with increasing amount of 
protein added before desiccation, the activity of the 
oxidase preparation gradually approaches the values 
given by undesiccated preparations to which a 
corresponding amount of protein has been added. 
With preparations desiccated together with sub- 
optimal amounts of protein, further addition of pro- 
tein increases the activity, as shown in Fig. 3, curvef. 


Stability of desiccated preparations 


These experiments are summarized in Fig. 4. The 
HA preparations, represented in curves 1, 2 and 3, 
start immediately after desiccation with activities 
between 40 and 60 % of those of the untreated fresh 
preparations, drop considerably in activity during 
the next few weeks, but remain thereafter remark- 
ably constant for long periods at a level of about 
25 % of that of the original untreated preparation. 
It seems quite immaterial whether desiccated pre- 
parations are preserved at 4° or at room tem- 
perature, as the activity curves for these two con- 
ditions run completely parallel in an experimental 
series covering 1-5 months. The desiccated LA pre- 
parations behave in a somewhat similar manner 
(curve 4). 


Table 5. Activity of preparations of cytochrome oxidase after desiccation 
in presence of different amounts of horse serum 


(High-activity preparations; final concentration of added cytochrome c, 38-5 x 10-®M.) 


Preparation of 


Relative O, uptake 
(as % of highest uptake) 


Serum addition 


oxidase Treatment (ml./ml. oxidase) 3-13 min. 0-43 min. 

A Desiccated on the day of oxidase 0 12 37 
preparation. Serum added be- 0-02 13 44 

fore desiccation 0-2 14:5 51 

0-4 19-5 64 

0-8 23 74 

A Untreated, fresh. Serum added 0 30 88 
in the test 2-5 30 100 

B Desiccated 3 days after the 0 14-5 47 
oxidase preparation. Serum 0-25 29 74 

added before desiccation 0-5 30 80 

1-0 30-5 85 

2-0 31 95 

4-0 31-5 99 

B Untreated, 3 days old. Serum 0 29 73 
added in the test 1-25 32 90 

3-75 33 100 
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As shown in the previous section, the HA pre- 
parations retain their original activity more or less 
completely on desiccation in presence of added 
protein (horse serum). Their loss of activity on 
keeping (curves 1s and 23) is slower than that of a 
preparation dried in absence of added protein. 


Activity 
before desiccation 


105 days 4 


Relative activity 





0 10 20 30 40 50 
Age (days) 

Fig. 4. Dependence on age of the activity of untreated and 
of desiccated preparations of cytochrome oxidase. C, high- 
activity preparation, untreated. 1, 2 and 3, the same, 
desiccated. 4, low-activity preparation, desiccated. 1s 
and 2s, preparations 1 and 2 desiccated in the presence of 
1-0 and 0-4 ml. horse serum/ml. respectively. Final con- 
centration of added cytochrome c; in C and 3, 73-5 x 10-*m; 
in 1, 1s, 2 and 2s, 38-3 x 10-®m; in 4, 32-5x10-*m. All 
activities refer to the activity of the untreated pre- 
paration on the day of desiccation (relative activity, 1-0). 


The cytochrome oxidase prepared according to 
Haas (1943) keeps well at 4° and seems (probably 
owing to its higher pH) to be a less suitable substrate 
for bacteria. Thus after 12 days at 4° the activity 
was found to be 97 % of the original. Even after a 
month the activity was still quite considerable and 
no bacterial contamination could be detected (cf. 
Borei, 1945). The preparation is, however, very 
susceptible to any cold treatment. Thus a simple 
freezing at — 12° and subsequent thawing at room 
temperature diminished the activity to 57 % of the 
original and on keeping for 12 days at 4° the activity 
was down to 22 % of the original. This susceptibility 
to freezing is in contrast with the properties of the 
Keilin & Hartree preparations, used in the present 
investigation, which stand such cold treatment with- 
out marked loss of activity. Desiccation, which in- 
volves exposure to low temperature, is thus very 
damaging to the Haas (1943) preparation: only be- 
tween 10 and 20% of the original activity remains 
after such treatment. Moreover, desiccation aggre- 
gates the preparation and makes it very viscous. 

An impairment of the accessibility of the endo- 
genous cytochrome c results from cooling of the 
preparations with solid CO, in acetone or with liquid 
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air (Keilin & Hartree, 1938, 1940). In the present 
investigation the preparations were invariably pre- 
cooled to — 12° in order to avoid temperature de- 
naturation during desiccation. It was found, how- 
ever, that even repeated freezing at —12° and 
thawing at room temperature did not alter the 
accessibility of the endogenous cytochrome c. 
Freezing at lower temperatures (— 70° or — 183°), on 
the other hand, had a marked effect even with a 
single treatment. 


DISCUSSION 


The experiments presented here show that the 
activity of the cytochrome oxidase system, which 
gradually decreases during ageing of the oxidase 
preparation, can be restored by the addition of 
protein. This re-activation is complete only during 
the earlier phase of the ageing. 

Keilin & Hartree (19476, 1949) found that the 
impairment of the activity of the succinic oxidase 
system (of which the cytochrome oxidase system is 
a part), which is brought about by treatment such 
as vacuum drying, repeated freezing at low tem- 
peratures, or suboptimal phosphate concentration, 
can be restored by the addition of protein. In a 
similar way they explained the decrease in the 
activity of the cytochrome oxidase system in a pre- 
paration which had been fractionated by ultra- 
centrifugation. They suggested that the effects of 
various treatments were due to changes in the 
colloidal structure of the preparations impairing 
the mutual accessibility of the components of the 
system. The re-activation of these systems on addi- 
tion of proteins or other substances can, according to 
them, be explained by re-establishment of a suitable 
colloidal structure in which the different components 
regain an orientation which leads to greater mutual 
accessibility. 

The results of the present investigation point to a 
similar consideration in the case of the decrease in 
the activity of the ageing oxidase preparation and 
in the re-activation of the aged preparation through 
the addition of protein. It thus follows that a proper 
colloidal arrangement is essential not only for the 
function of the entire succinic oxidase system, but 
also for that part of it which may be termed the 
cytochrome oxidase system which comprises, as far 
as is now known, cytochromes a3, a and c¢. 

In the re-activation experiments, added proteins 
influence the activity in two ways: by increasing the 
initial rate of substrate oxidation, an effect which is 
marked in aged preparations but absent in fresh 
ones, and by a general maintenance of the substrate 
oxidation for a longer time both in fresh and in old 
preparations. 

Keilin & Hartree (1949) stress the significance of 
the phosphate concentration for the optimal activity 
of the succinic oxidase system. They showed that the 
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effect of the addition of protein to a fresh preparation 
at suboptimal phosphate concentration is to raise its 
activity to the optimal level. In the present in- 
vestigation no increase in the activity could be 
observed on adding protein to the fresh oxidase 
preparations. This must mean that the conditions 
were optimal, though the phosphate concentration 
used (0-08M) is lower than 0-15M, which was found 
to be optimal for the succinic oxidase system. 

In addition to a re-activating effect of protein on 
oxidase preparations after their activity has been 
impaired, protein may also exert a protective 
function if it is added before the preparation is sub- 
jected to such activity-impairing influences. In fact 
it was clearly demonstrated that the addition of 
protein not only ensures complete protection against 
the adverse effects of desiccation, but also confers a 
greater stability on the dried material. 

The cause of inactivation by desiccation is thought 
likewise to be an alteration of the colloidal structure 
of the preparation, leading to an impairment of the 
accessibility of the components of the system. 

From the above considerations it is conceivable 
that the two effects of the addition of proteins, i.e. 
the re-establishing of an impaired activity, and the 
protection against loss of activity, may be brought 
about by the same mechanism. First, if the catalysts 
become disarranged, then they may be brought back 
to a favourable arrangement (not necessarily the 
original one) by the added inert proteins providing 
new ‘points of attachment’. Secondly, if the pre- 
sence of inert proteins protects the catalysts against 
colloidal disarrangement then this may occur by 
providing points of attachment for the formation 
of favourably arranged and stable catalyst com- 
plexes. 

The gradual drop in activity of untreated oxidase 
preparations and the rapid development of a 
bacterial flora are disadvantages when utilizing the 
preparations for biochemical measurements. The use 
of such preparations in enzymic experiments is thus 
in most cases limited to the first few days after pre- 
paration. Desiccation checks the development of 
the bacteria, but the simultaneous drop in oxidase 
activity severely limits the usefulness of the pre- 
paration. Desiccation in the presence of inert pro- 
tein, however, provides a means to retain the 
activity, and to prevent its subsequent rapid de- 
crease. Thus this type of oxidase preparation can 
with advantage be utilized over a period of at least 
a month, whereas the untreated preparation starts 
to putrefy after a few days even if kept in the 
refrigerator. 
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SUMMARY 


1. The activity of the oxidase system in Keilin & 
Hartree’s (1947 a, 1949) heart-muscle preparation de- 
creases gradually with increasing age of the prepara- 
tion. The higher the activity of the fresh preparation 
the steeper is its decrease on ageing. After about 30 
days such preparations become practically inactive. 
Addition of cytochrome ¢ alone cannot restore the 
activity of the aged preparations. The decrease in 
the activity is considered to be caused by alterations 
in the colloidal structure of the oxidase preparation, 
impairing the mutual accessibility of its components. 

2. Addition of proteins or certain other substances 
raises the activity of aged preparations, but not of 
fresh ones. In the earlier stages of the ageing process, 
the increase results in a complete restoration of the 
activity. The effect is considered to be due to in- 
fluences on the colloidal structure of the oxidase 
preparation, resulting in a re-establishing of the 
mutual accessibility of its components. 

3. In older preparations (aged 10 days or more) 
the loss of activity gradually becomes irreversible. 

4. Desiccation of the preparation greatly impairs 
its activity, but preparations of low activity are 
more resistant than those of high activity. The 
activity cannot be restored by cytochrome c, and 
the addition of serum has only a very slight effect. 
The impairment of the activity of the system on 
desiccation is considered to be caused by a colloidal 
disorientation of the components of the catalyst 
complexes. 

5. If the desiccation is carried out in presence of 
a sufficient amount of serum, the activity remains 
unaffected. 

6. The desiccated preparations drop considerably 
in activity during the initial period after desiccation, 
but gradually reach a constant level. If the pre- 
parations are desiccated together with serum the 
drop is markedly slower. 

7. On account of the retained activity, and its 
slower decrease as well as the absence of bacterial 
development, the preparations desiccated together 
with protein have a considerable advantage over the 
untreated preparations kept at 4°, since the period 
over which a preparation may be used is extended 
from a few days to at least a month. 


It is the pleasant task of the author to thank Prof. D. 
Keilin, F.R.S., and Dr E. F. Hartree for their advice and 
criticism. The experiments on the stability of the desiccated 
preparations have in part been carried out by Dr S. Renvall, 
for which collaboration the author is much indebted. 
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1e | Itis generally thought that in the animal body the _ that the rate ofincorporation of D from the body water into 


fatty acids and cholesterol under such experimental condi- 
tions may be used as a measure of the turnover of these 
substances in the tissues. 

Na acetate labelled in the carboxyl C with 4C was injected 
intravenously, two or three injections being given daily for 


| liver is the principal organ concerned with both the 
e) | synthesis and degradation of fatty substances. Ex- 
cept for a recent article by Masoro, Chaikoff & 
Dauben (1949) there is no definite evidence that fatty 
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re acids or cholesterol can be synthesized outside the 


liver in the adult animal, although Waelsch, Sperry 
& Stoyanoff (19406) have demonstrated the synthesis 
of fatty acids and cholesterol in the brain of growing 
rats during myelination. Masoro et al. (1949) noted 
the appearance of C-labelled fatty acids after the 
injection of C-labelled glucose in liverless animals 
whose intestinal tracts were also removed. They 
inferred that the conversion of carbohydrate into 
fat occurred probably in the adipose tissues. Srere, 
Chaikoff & Dauben (1948) quoted some unpublished 
experiments in which conversion of acetate to 
cholesterol was demonstrated in the liverless rat; 
they did not, however, state in which organ the 
conversion occurred. 

In this article results obtained with the aid of 
deuterium (D) and 4C-labelled acetate are recorded, 
and it is shown that internal organs other than the 
liver synthesize both fatty acids and cholesterol. 


METHODS AND MATERIAL 


Female rabbits (2-3 kg.) were the experimental animals. All 
except one were pregnant. The results obtained on the 
foetuses of these animals have already been recorded (Popjak 
& Beeckmans, 1949a, 6; 1950). 

The rabbits were given by intravenous injection an 
amount of pure D,O (made isotonic with NaCl) sufficient to 
bring the concentration of D,O in the body fluids to a level 
of 1:5%; the drinking water was then replaced by 2% D,O 
in tap water. The concentration of D,O in the body fluids 
was thus maintained constant at a level of about 1:5%. 
The animals were given the heavy water for 1-12 days. 
It has been shown by the extensive studies of Schoenheimer 
and his collaborators and others (see Schoenheimer, 1941), 


1-4 days. The total dose of #*C was 50-100 yc. The specific 
activity of the injected acetate was 100 uc. “C/8-6 mg. of 
anhydrous Na acetate. 

The animals, under nembutal-ether anaesthesia, were 
killed by bleeding from the aorta. The blood was heparinized. 
The D and “C contents of the fatty acids and cholesterol 
were examined in the liver, plasma, gastro-intestinal tract, 
lungs, kidneys, spleen, heart, skeletal muscle, adrenals, 
ovaries and brain. The gastro-intestinal tract was washed 
clean with warm water before extraction. Data will be 
presented only for those organs in which the isotope concen- 
trations of the lipids exceeded those found in the liver, 
as this proves extrahepatic synthesis. All experimental 
evidence tends to show that plasina lipids are derived from 
the liver (see Discussion, p. 236); therefore an isotope con- 
centration higher in tissue lipids than in plasma lipids may 
also be regarded as a proof of the extrahepatic origin of the 
former. 

The methods of extraction and fractionation of lipids and 
the methods of isotope determinations were those already 
described (Popjak & Beeckmans, 1950). In the one experi- 
ment, in which the free and esterified cholesterol were 
examined separately (see Table 2), the free cholesterol was 
precipitated as the digitonide from the acetone supernatant 
obtained after the precipitation of phospholipins. After 
removal of the free cholesterol as the digitonide and of the 
excess digitonin, the solution containing glycerides and 
cholesteryl esters was saponified. The unsaponifiable matter 
was separated from the soaps by extraction with light 
petroleum (b.p. 40-60°) and the cholesterol from the esters 
precipitated as the digitonide. 

The D content of the substances is expressed as a per- 
centage of that found in the body water. The “C content is 
given in the Tables as ue./mg. substance. Under our con- 
ditions of radioactive assay a substance which contained 
1 x 10-3 ye./mg. gave 1800 counts/min. in an ‘infinite thick- 
ness’ sample of area 2 sq.cm. 
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RESULTS 
Extrahepatic synthesis of cholesterol 


The accumulation of D in cholesterol extracted from 
the small intestine, liver and skeletal muscle of 
rabbits whose body water was enriched with D,O 
is shown in Fig. 1. The data show that cholesterol is 
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Fig. 1. Uptake of deuterium from body water into chole- 
sterol of small intestine, liver and skeletal muscle in 
rabbits whose body water was enriched with D,O for 
1-12 days. The deuterium content of cholesterol (atom % 
excess) is expressed as a percentage of that found in body 
water. x, intestine; ©, liver; /\, skeletal muscle. 


formed in the intestine independently from the liver 
since the D content of the sterol in the former rose 
more rapidly than in the latter. The D content of the 
cholesterol in both tissues tended to a maximum 
value of 50 % of that in the body water and appears 
to have been reached in 12 days. The half-life of 
cholesterol, i.e. the time required to obtain one-half 
of the maximum isotope concentration was 3 days 
in the liver and about 1-5 days in the intestine. 
During these intervals at least one-half of the tissue 
cholesterol must have been replaced by newly syn- 
thesized cholesterol. From the average cholesterol 
content of the liver and small intestine and the above 
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half-lives it is calculated that in the liver of adult 
rabbits approximately 50 mg. and in the intestine 
100 mg. of cholesterol/100 g. tissue are synthesized 
per day. The latter estimate necessarily applies only 
to the intestine as a whole, with all its structural 
layers. It seems very probable that synthesis of 
cholesterol in the intestine takes place mainly in 
the mucosa and that if the mucosa had been ex- 
tracted separately from the muscularis, an even 
shorter half-life might have been found for the 
cholesterol in the former, than for the organ as a 
whole. 

As a comparison, Fig. 1 also shows the rate of 
accumulation of D in the cholesterol of skeletal 
muscle. This is approximately the same as that 
published for whole mice (Rittenberg & Schoen- 
heimer, 1937). It is impossible to say from the data 
whether cholesterol in the muscle is synthesized 
there or whether it is transported from the liver via 
the blood stream since the D content of the substance 
in the muscle was appreciably less than in the liver. 
The half-life does not seem to have been reached yet 
in 12 days. 

The above results are strengthened further by 
those obtained in animals injected with CH;“CO,Na. 
These are summarized in Table 1. It has been shown 
by Bloch & Rittenberg (1942a, b) that acetate is a 
specific precursor of cholesterol. 

The results show that cholesterol extracted from 
the small intestine contained three to five times more 
14C than cholesterol in the liver. Also the ovarian 
cholesterol had a higher specific activity than the 
liver cholesterol, indicating that cholesterol is syn- 
thesized in this organ also. It should be pointed out 
that the animals recorded under Exps. 1-6 were 
pregnant and their ovaries contained corpora lutea. 
The cholesterol in these ovaries contained almost 
twice as much, or even more, C than the liver 
cholesterol, whereas in the ovary of the non-pregnant 
animal (Exp. 7) the specific activity of the chole- 
sterol exceeded that of the liver cholesterol by only 
30%. 

In Exp. 2, Table 1, free and esterified cholesterol 
were obtained separately from the liver and small 


Table 1. ™C content of tissue total cholesterol (except when otherwise specified) 
in rabbits injected repeatedly with CH,;44*COONa 


(4C content expressed as 1 x 10-4 ue./mg. cholesterol.) 


Total Time of killing 
Small 14C dose after 1st injection 

Exp. no. Liver Plasma intestine Ovary (uc.) (hr.) 

1 1-10 1-08 5-75 2-74 100 19 

2 2-12 (free) 1-80 6-18 (free) 2-50 100 20 

1-43 (ester) 1-80 (ester) 

3 1-30 1-25 7-45 —_ 100 22 

4 0-80 0-65 3-30 1-46 ' 50 24 

5 0-65 0-63 3-67 1-70 50 30 

6 0-90 0-46 2-94 1-57 50 48 

7 0-70 0-62 2-12 1-00 50 96 
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intestine ; the specific activity of the free cholesterol 
was much higher, especially in the intestine, than 
that of the esterified cholesterol. In the same experi- 
ment the total cholesterol of the wall of the stomach 
and of the large intestine was also examined; 
the former contained 3-21 x10-* and the latter 
1-40 x 10-4 ye. “#C/mg. as against 1-89 x 10-4 we./mg. 
total cholesterol in the liver. 

A further point worth mentioning in connexion 
with the data of Table 1 is that the isotope content 
of plasma cholesterol never exceeded, but was 
usually slightly less than, that of liver cholesterol. 


Extrahepatic synthesis of fatty acids 


The tissue lipids were fractionated into phospho- 
lipins and glycerides and their fatty acids studied 
separately. This was done in order to see if some 
indication might be obtained of the respective parts 
these two fatty acid compounds may play in fat 
metabolism. We are not aware of published accounts 
of any possible differences in rates of synthesis of 
phospholipins and glyceride fatty acids. The pub- 
lished data on fatty acid synthesis in animals have 
been obtained on total fatty acids. The ‘glyceride’ 
fatty acids in our material contained also a small 
quantity of fatty acids derived from cholesteryl 
esters. The amounts of these, however, in the tissues 
are small compared with the true glyceride fatty 
acids and thus it is thought that this heterogeneity 
would not influence the results significantly. 

Fig. 2 shows the uptake of D into glyceride and 
phospholipin fatty acids in the liver and intestine of 
rabbits whose body water was enriched with D,O for 
1-12 days. In the liver there was no significant 
difference between the D content of glyceride and 
phospholipin fatty acids on any particular day. In 
the small intestine, however, the uptake of D into 
phospholipin fatty acids was about twice as fast as 
into glyceride fatty acids. Moreover, the phospho- 
lipin fatty acids in the intestine contained signifi- 
cantly higher concentrations of D than in the liver 
fatty acids, indicating extrahepatic formation. 
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These results are confirmed by data obtained on 
animals injected with CH,“CO,Na (Table 2). It has 
been shown by Rittenberg & Bloch (1944, 1945) that 
acetate carbon is utilized not only for cholesterol but 
for fatty acid synthesis also. 
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Fig. 2. Uptake of deuterium from body water into phos- 
pholipin and glyceride fatty acids of small intestine and 
liver in rabbits whose body water was enriched with D,O 
for 1-12 days. The deuterium content of fatty acids (atom 

% excess) is expressed as a percentage of that found in 

body water. ©, intestine, phospholipin fatty acids; 

@, intestine, glyceride fatty acids; x, liver, phospholipin 

and glyceride fatty acids (the D content of the two types 

of fatty acids in the liver was the same). 


In the liver, except for the two experiments of the 
shortest duration (Table 2, Exps. 1 and 2), the phos- 
pholipin and glyceride fatty acids contained about 
equal amounts of *C. In two experiments of 19 and 
20 hr. duration the phospholipin fatty acids, how- 
ever, were richer in the isotope. In the small in- 
testine the phospholipin fatty acids contained about 
six to nine times and the glyceride fatty acids about 
two to three times as much “C as the corresponding 
acids in the liver proving unequivocally the in- 
testinal synthesis of fatty acids. In Exp. 2 (Table 2) 
the fatty acids of the wall of the stomach and large 
intestine were also analysed; in the former the 
specific activity of the phospholipin and glyceride 
fatty acids was 23-1x10-> and 7-84x10- we. 
14C/mg. respectively and in the latter 16-8 x 10-° and 


Table 2. ™C content of phospholipin and glyceride fatty acids of liver, intestine and lung of rabbits 
injected repeatedly with CH,4COONa 
(4C content expressed as 1 x 10-° yc./mg. fatty acid.) 
Liver Small intestine Lung 
Le ati ‘Y c A —— = 
Phospho- Phospho- Phospho- i Time of 
lipin Glyceride lipin Glyceride lipin Glyceride Total killing after 
Exp. fatty fatty fatty fatty fatty fatty 4C dose Ist injection 
no. acids acids acids acids acids acids (pe.) (hr.) 
1 4-40 2-81 21-80 10-00 132-0 18-5 100 19 
2 8-63 5-39 31-48 17-13 155-5 39-6 100 20 
3 2-53 2-66 29-38 11-52 118-6 12-36 100 22 
4 1-11 1-30 7-62 2-91 _— — 50 24 
5 1-30 1-13 9-61 4:10 _— — 50 30 
6 1-68 2-00 9-41 3-51 —_ — 50 48 
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4-0 x 10-> ue. “C/mg. fatty acids respectively. Thus 
the phospholipin fatty acids contained, even in the 
wall of the stomach and large intestine, more isotope 
than the fatty acids in the liver. Hence it must be 
concluded that fatty acid synthesis occurs along the 
whole gastro-intestinal tract. The possible signifi- 
cance of the observed differences between phospho- 
lipins and glycerides will be discussed later. 

A rather unexpected finding in these experiments 
was the extremely high degree of utilization of 
acetate carbon for fatty acid synthesis in the lung. 
It may be seen from the figures in Table 2 that the 
phospholipin fatty acids in the lung contained 30-45 
times and the glyceride fatty acids four to six times 
more C than the corresponding fatty acids in the 
liver. Whatever the biochemical mechanism of the 
incorporation of C into the lung fatty acids from 
the administered acetate may be, the results can 
mean only the independent synthesis of fatty acids 
in the lung. 


DISCUSSION 


The results presented show that the liver of the adult 
animal is not the only organ concerned with chole- 
sterol and fatty acid synthesis. Up to now the only 
proven site of cholesterol synthesis in the intact 
adult animal was the liver (Bloch, Borek & Ritten- 
berg, 1946), although Srere et al. (1948) have recently 
demonstrated the formation of cholesterol in vitro 
by surviving adrenal slices. Fatty acid and chole- 
sterol synthesis in the extrahepatic tissues of the 
foetus was found to be the major source of foetal 
lipids (Popjék & Beeckmans, 1950). In the present 
investigation the incorporation of D from the body 
water into the cholesterol of the intestine was more 
rapid than into the cholesterol of the liver. This 
finding is taken as proof of an extrahepatic synthesis. 
After the administration of C-labelled acetate the 
specific activity of the cholesterol in the small in- 
testine, in the stomach and in the ovaries was higher 
than in the plasma or liver. These results fully 
support and extend those obtained with the aid of D. 
The significantly higher specific activity of the free 
cholesterol than that of the esterified cholesterol 
(Table 1, Exp. 2) must mean that cholesterol is 
synthesized in the free form and esterified sub- 
sequently. In order to study, therefore, the true 
rate of synthesis of cholesterol in the tissues one 
should separate free cholesterol from the esterified 
form. 

While the results show that organs other than the 
liver can synthesize cholesterol, yet it appears that 
the liver is the main, if not the only source of plasma 
lipids. It has been shown by Fishler, Entenman, 
Montgomery & Chaikoff (1943) and by Entenman, 
Chaikoff & Zilversmit (1946) that plasma phospho- 
lipins originate from the liver. This is probably true 
for plasma cholesterol also. In the experiments 
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presented the C content of plasma cholesterol never 
exceeded that of the liver in spite of the fact that 
cholesterol of much higher specific activity than in 
the liver was found in the intestine. It is, therefore, 
unlikely that the intestine contributes significantly 
to plasma cholesterol. 

It is of interest to mention that Scott, Glover & 
Morton (1949) reported at the Ist International 
Congress of Biochemistry the presence of 7-dehydro- 
cholesterol in the intestinal contents of certain 
species (guinea pig, rat, ox) and adduced evidence 
for the existence in the intestine of a cholesterol- 
dehydrogenase the action of which is reversible. 
Thus cholesterol synthesized in the intestine might 
be the source of provitamin D,. 

Waelsch, Sperry & Stoyanoff (1940a) found in 
adult rats whose body water was enriched with D,O 
the highest concentration of D in liver fatty acids. 
Although the values for intestinal fatty acids were 
lower than those of the liver, nevertheless they were 
sufficiently high to enable the authors to emphasize 
the active role of the intestine in fat metabolism. 
In our experiments D concentrations far in excess of 
those found in liver fatty acids were observed in the 
intestinal phospholipin fatty acids, offering con- 
clusive proof for their extrahepatic synthesis. Since, 
however, the glyceride fatty acids in the intestine 
contained much less D than the liver fatty acids, it 
is very probable that the failure of Waelsch et al. 
(1940a) to demonstrate definitely with the aid of D 
the intestinal formation of fatty acids is due to the 
fact that they studied total fatty acids. It has 
been shown in the present investigation with the aid 
of CH,;“CO,Na that even glyceride fatty acids are 
synthesized in the intestine. 

It should be pointed out that a discrepancy exists 
between the results obtained with D and those 
obtained after the administration of CH,!CO,Na. 
The rate of incorporation of D into the phospholipin 
fatty acids of the small intestine was almost twice 
as fast as into liver fatty acids, yet six to nine times 
as much !C was found in the former than in the 
latter. Similarly, the D data indicated a slower 
turnover rate for the glyceride fatty acids in the 
intestine than in the liver, yet two to three times as 
much C appeared in the former than in the latter. 
This anomaly might be explained by the assumption 
that the injected acetate was diluted by endogenous 
acetate to different degrees in the liver and intestine 
respectively. If the amount of endogenous acetate 
in the liver is greater than in the intestine, then the 
specific activity of the total acetate would be lower 
in the former than in the latter. Hence the products 
of synthesis from acetate would have a higher 
specific activity in the intestine than in the liver. 
This might be the case even if the turnover of the 
substances in the intestine were equal to or even less 
than the turnover in the liver. Another possibility 


| 


Se a ae ee a ea 


oa = 


Q 





50 


yer 


_ 2 OR ORTH 


m 


oe Se esel C hOOhUULhOrhlC rl 


T 





Se oa 


ee TE eee 


Vol. 47 


to be considered is that the fat precursors in the 
liver and intestine are not identical. 

Attention should be drawn to certain species 
differences which are apparent when the results of 
this paper are compared with those of other publi- 
cations. Most of the investigations of fat metabolism 
with isotopic tracers have so far been carried out on 
rats. Most striking differences appear to exist be- 
tween the turnover times of liver cholesterol and 
fatty acids in the rat and rabbit. In the former 
animal the half-life of liver cholesterol was estimated 
to be about 5—10 days (Bloch et al. 1946) and that of 
the liver fatty acids 1-9 days (Stetten & Boxer, 1944). 
In the rabbit the half-life of liver cholesterol was 
3 days; the half-life of liver fatty acids, on the other 
hand, was not yet reached in 11—12 days assuming 
that the maximum D content of mixed fatty acids 
(saturated + unsaturated) in the rabbit is about 38 % 
of that found in the body water just as in the rat 
(Rittenberg & Schoenheimer, 1937; Stetten & 
Boxer, 1944). 

The significantly higher isotope content of the 
phospholipin fatty acids as compared with that of 
the glyceride fatty acids (at least in the intestine and 
lung) throws some new light on the physiological 
significance of phospholipins whose function is as 
yet not clear. The simplest interpretation of the 
results presented is that the phospholipins are 
primarily connected with the synthesis of fatty acids 
rather than with their transport, as has been sug- 
gested (for review of this subject see Bloor, 1943). 
{t seems probable that the phospholipin fatty acids 
then exchange with glyceride fatty acids. In the 
liver no difference was found between the D content 
of phospholipin and glyceride fatty acids. The 
earliest observation was, however, made only after 
3 days of D,O administration. When “C-labelled 
acetate was given to the animals for 19 and 20 hr. 
the phospholipin fatty acids in the liver also were 
richer in the isotope than the glyceride fatty acids; 
onthe other hand, in experiments of longer duration, 
there were no significant differences in the “C con- 
tents of the two types of fatty acids. These results 
might mean that in the liver there is a rapid equili- 
brium between phospholipin and glyceride fatty 
acids; in the intestine and lung, however, this 
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equilibrium might be established only relatively 
slowly. 

The significance of the astonishingly high degree 
of utilization of acetate C for fatty acid synthesis in 
the lung is not clear at present. It might be pointed 
out that it has been repeatedly observed (see Bloch, 
1947) that acetate carbon is utilized to a greater 
extent for cholesterol than for fatty acid synthesis. 
It was found in the present experiments with 
labelled acetate that in all the organs, with the 
exception of the iung, the cholesterol contained more 
14C than any of the fatty acid fractions. In the lung, 
however, the reverse was true; moreover, the specific 
activity of the lung phospholipin fatty acids was 
even higher than that of the most active cholesterol 
found anywhere in the body. The specific activity 
of the lung cholesterol, on the other hand, was lower 
than that of plasma or liver cholesterol, and hence 
it could not be determined whether the lung tissues 
can synthesize cholesterol. The high degree of utiliza- 
tion of acetate for fatty acid synthesis by the lung 
has been confirmed recently in a joint experiment 
(unpublished) with Dr 8. J. Folley and Mr T. H. 
French on a lactating goat. Therefore the rabbit does 
not seem to be a unique species in this respect. 


SUMMARY 


1. Cholesterol and fatty acid synthesis was studied 
in rabbits with the aid of deuterium and “C-labelled 
acetate. 

2. It has been demonstrated that cholesterol is 
synthesized not only in the liver, but also in the 
intestine and ovaries. The probable source of plasma 
cholesterol is the liver. 

3. Synthesis of fatty acids has been shown to 
occur along the entire gastro-intestinal tract and 
in the lung. The utilization of acetate for fatty 
acid synthesis was especially high in the latter 
organ. 

4. Inthe intestine and lung the phospholipin fatty 
acids contained more isotope (deuterium or “C) than 
the glyceride fatty acids, whereas in the liver the 
two types of fatty acids appear to come rapidly 
into equilibrium. The possible significance of these 
findings is discussed. 
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The Breakdown of Adenosinetriphosphate in Extracts of Rabbit Muscle 
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The claim, made in 1939 by Engelhardt & Lyubi- 
mova, that the structural protein, myosin, was itself 
the enzyme responsible for the dephosphorylation of 
adenosinetriphosphate (ATP) in muscle, has since 
been often contested. No evidence could be found 
to the contrary by Bailey (1942) and Needham 
(1942), but Polis & Meyerhof (1946, 1947) do not 
consider that myosin possesses, homogeneously, 
adenosinetriphosphatase (ATP-ase) activity. They 
contend that ATP-ase is absorbed on to myosin, like 
the potato apyrase in Kalckar’s (1944) experiments. 
Various reviews of the controversy exist (Engel- 
hardt, 1946; Polis & Meyerhof, 1947). 

However, apart from this ATP-ase, which may or 
may not be myosin itself, Sakov (1941), a member of 
the Engelhardt school, reported a distinct non- 
myosin ATP-ase in aqueous extracts of muscle. The 
existence of such an enzyme is supported by calcu- 
lations of Mommaerts & Seraidarian (1947) and 
Braverman &-Morgulis (1948). The enzyme described 
by Sakov (1941) differs from myosin ATP-ase in 
solubility, pH optimum, and the extent of hydrolysis 
which it effects. It is not clear if this enzyme bears 
any relation to that reported by Lohmann (1928), 
who examined ‘pyrophosphate’ breakdown in a 
dilute salt extract of muscle, and described an ATP- 
ase with yet another set of properties. Sakov’s (1941) 
non-myosin ATP-ase must further be compared with 
ATP-ases from tissues other than muscle, e.g. liver 
(Barrenscheen & Lang, 1932), nervous tissue (Reis, 
1937), sperm (Lardy, Hansen & Phillips,1945), potato 
(Kalckar, 1944) and various other animal tissues 
(Dubois & Potter, 1943). 

In this paper, some experiments on the ATP-ase in 
aqueous muscle extracts, prepared according to the 
method of Sakov (1941), were performed with a view 


to determining if the Sakov enzyme can, indeed, be 
considered distinct from myosin ATP-ase, and if it 
can be compared with ATP-ase from myosin-free 
sources. 


METHODS 


Incubations were carried out at either 25 or 37°; in all cases 
the reaction mixtures without the enzyme were incubated 
first for a few minutes and then the enzyme, at the required 
temperature, was added. The control and experimental 
tubes were deproteinized with a final concentration of 5% 
(w/v) trichloroacetic acid, and inorganic phosphate estimated 
by the method of Fiske & Subbarow (1925), using either a 
Finlayson single photocell, or a Hilger Spekker absorptio- 
meter. The increase in inorganic phosphate was found to 
parallel the decrease of 7 min. P (inorganic P set free after 
7 min. at 100° in the presence of N-HCl) in the reaction 
mixtures and therefore the ATP was undergoing simple 
hydrolysis. 

ATP was prepared by the method of Needham (1942), and 
analysis for N and inorganic, hydrolysable and total P 
showed the purity to be over 95%. Synthetic muscle 
adenylic acid was kindly donated by Dr T. R. Mann of the 
Molteno Institute, Cambridge. The pH of the experiments 
was controlled with the glass electrode by determining the 
value of the mixture to be used, with water replacing the 
neutralized solution of ATP (or other substrate). 

An attempt was made to keep as closely as possible to the 
quantities of material used by Sakov (1941), but since this 
author gives no details beyond indicating the range of the 
amounts used, the conditions adopted in this investigation 
differ slightly from experiment to experiment. 

The enzyme was made by extracting chilled, fresh rabbit 
muscle twice with an equal volume of ice-cold water, and 
centrifuging after each extract; triple glass-distilled water 
was used for the majority .of the extracts, solutions, and 
dialyses (the reaction mixtures contained less than 3 x 10-*™ 
total Cu). The muscle was disintegrated either by grinding 
with sand or homogenizing in the Waring blender. The 


} 


_ 


| 


| 


} 


~~ 


, ee ee ee | 


= Ce Oe lh 


es © 





Se 


wwe ww v@ ee OT ee ee 


= 


y 


wrvwrTlUmellU(OoOoOUW! 





—_— oo 


Vol. 47 


combined extracts were dialysed in the refrigerator for 
3-24 hr. in a cellophan sac against 15 vol. of water; the 
duration of dialysis did not affect the enzyme activity. In 
the longer dialysis, the water was changed after 3 hr. After 
dialysis the extract had a pH of 5-5 and consisted of a clear 
red supernatant fluid and a white precipitate which could 
be centrifuged off in 5 min. at 3000 rev./min. For use in 
experiments, the precipitate was washed once with water 
equal in volume to the supernatant to which it corre- 
sponded; after centrifuging the precipitate was suspended in 
the same volume of water. Fractionation with (NH,),SO, 
was carried out as follows: the ice-cold whole extract was 
treated with solid (NH,),SO, and n-NaOH to give a final 
(NH,),SO, concentration of 150 mg./ml. and pH 6-5. After 
standing 10 min. at 0°, the precipitate was centrifuged off 
for 10 min. at 3000 rev./min. and the supernatant treated as 
before to keep the pH at 6-5 while bringing the (NH,),SO, 
concentration to 250 mg./ml. After standing 30 min. at 0° 
the precipitate had settled, and was removed by centrifuga- 
tion. The supernatant fluid and the two precipitates were 
all made up to the volume of the whole extract originally 
taken, and dialysed overnight against 100 vol. of water; 
each developed a slight precipitate which was not removed 
before use. During the dialysis the pH of the enzyme sus- 
pensions fluctuated, the lowest level reached being pH 5-5; 
dialysis against 0-01m-borate buffer (pH 7-0) prevented 
such an acidification, but did not materially alter the 
results. 

Aneurin pyrophosphate (Merck) and L-cysteine (Wyeth) 
were used; the remaining reagents were from British Drug 
Houses, London, except for merthiolate (sodium ethy]l- 
mercurithiosalicylate) which was kindly presented by Dr 
P. M. de Burgh, Department of Bacteriology, University 
of Sydney. 


RESULTS 
Molarity of the aqueous extract 


In extracting myosin from muscle, a 0-5M-salt solu- 
tion is generally used. Myosin is partially soluble in 
much lower salt concentrations (Szent-Gyérgyi, 
1947), and the molarity of an aqueous extract may be 
sufficiently high to extract some myosin. We there- 
fore determined the molarity of the Sakov (1941) 
extract by the freezing point-depression method. 
However, the depression of the first extract, before 
dialysis, was 0-431, which corresponds to 0-12M. It 
is unlikely that myosin would be present. 


Distribution of activity 


During dialysis of the fresh extract, a white pre- 
cipitate appears. Sakov (1941) states that in his 
experiments, the extract, complete with its precipi- 
tated proteins, was used. It seemed of interest to 
study the distribution of activity between precipi- 
tated protein and supernatant fluid, since the former 
consists presumably of a salt-soluble protein, and 
may be myosin. 

The activity was shown to be divided between the 
two fractions, but not completely recoverable. In 
a typical experiment (Fig. 1), where hydrolysis was 
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allowed to proceed for 15 min. at pH 7-3, the fol- 
lowing percentage liberation of labile phosphate 
occurred: whole extract, 57; supernatant fluid, 9; 
precipitated proteins, 11%. 


30 





Whole extract 
20 


P(g.) 


10 


Fig. 1. Hydrolysis of ATP by fractions at different pH 
values. Time 15 min., temp. 25°; 0-3 ml. enzyme in a 
final volume of 0-9 ml. containing 0-01m-glycine and 
45 yg. ATP. 7 min. P. 


Hydrolysis of other substrates 


Neither the whole extract nor its fractions had any 
action upon the phosphate bonds of glycerophos- 
phate, yeast adenylic acid or phenyl phosphate. The 
whole extract and the supernatant fluid attacked 
aneurin pyrophosphate very slightly. 


Table 1. Hydrolysis of aneurin pyrophosphate 
and muscle adenylic acid 


(Enzyme (0-3 ml.) in a final vol. of 0-9 ml.; mixture con- 
tained 0-01m-glycine buffer of pH 7-3 and 45g. adenylic 
acid P or 90g. aneurin pyrophosphate P. Values are % of 
total P liberated in 60 min. at 37°). 


Whole Super- Pre- 

extract natant cipitate 
Aneurin pyrophosphate 4:4 5:8 0 
Muscle adenylic acid 24-0 9-8 0-8 


Inorganic pyrophosphate was split by the whole 
extract and supernatant fluid (Fig. 2). The precipi- 
tated proteins did not hydrolyse inorganic pyro- 
phosphate, and nearly all of the activity of the whole 
extract was, unlike the ATP-ase activity, recover- 
able in the supernatant fluid. It would seem also 
from the separation by ammonium sulphate frac- 
tionation (see below) that this pyrophosphatase is 
probably distinct from the ATP-ase. 

Muscle adenylic acid was attacked slowly 
(Table 1). This hydrolysis is also apparent in the 
curves describing the action of the extract on ATP 
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(Fig. 3). It is possible that here the adenylic acid 
was first deaminated to inosinic acid which was then 
dephosphorylated. 


30 





eI 


Supernatant ¥ 
20 
we 
= Whole extract 
a. 
10 
Precipitate 
0 


4 5 6 7 8 9 10 


Fig. 2. Hydrolysis of Na,P,0, by fractions at different pH 
values. Time 15 min., temp. 37°; 0-3 ml. enzyme in a 
final volume of 0-9 ml. containing 0-01M-glycine and 
45 ug. Na,P,0,-P. 


60 


50 Whole extract 


Precipitate 





Time (hr.) 


Fig. 3. Progress curve for the hydrolysis of ATP by the 
precipitate at pH 8-6 in the presence of 0-001 M-CaCl, and 
the whole extract at pH 7-0; 0-3 ml. enzyme in a final 
volume of 0-9 ml. containing 0-01m-glycine and 45yg. 
ATP. 7 min. P. 


Ammonium sulphate fractionation 


Sakov (1941) found that 250 but not 150 mg./ml. 
ammonium sulphate precipitated the AT P-ase of the 
aqueous extract. In our experience, nearly all the 
ATP-ase activity was precipitated at 150 mg./ml. 
(Fig. 4). Using glycine buffer at 37°, neither the 
ammonium sulphate fractions nor the supernatant 
fluid showed any pyrophosphatase activity in the 
range pH 4-10; this indicates that the pyrophos- 
phatase was destroyed by the treatment. 
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The purified system had a Q, of 70-80 as compared 
with 30-40 for the whole extract. The Q,, as defined 
by Engelhardt (1946), represents the pl. P liberated/ 
mg. dry wt. of enzyme preparation/hr. 


20 





Fig. 4. Hydrolysis of ATP by the (NH,),SO, fractions. 
A, material precipitated by 150 mg. (NH,),SO,/ml.; B, 
material precipitated between 150 and 250 mg. (NH),SO,/ 
ml.; C, supernatant; material not precipitated by 250 mg. 
(NH,),SO,/ml. Time 15 min., temp. 37°; 0-3 ml. enzyme in 
a final volume of 0-9 ml. containing 0-01 M-glycine and 
45 ug. ATP. 7 min. P. 


Effect of pH 


In Figs. 5 and 6 are presented what we regard as 
typical pH curves for the whole extract. In no case 
were optima observed at either pH 4:8 or 6-0, the two 
values quoted by Sakov (1941) (see Discussion, | 
p. 241). Borate buffer gave a little more activity | 
than glycine at the same pH; borate was definitely 
better than acetate. ' 

Although these buffers do not function well over 
the whole of the pH range tested, they were used | 
because they were employed by Sakov (1941) and by | 
other workers in studies on myosin ATP-ase. Each 
tube was adjusted to the required pH before incuba- 
tion (see Methods, p. 238), and it is unlikely that the | 
amount of inorganic phosphate produced during the 
reaction would change the pH significantly. 


Progress curves 


The whole extract produced inorganic phosphate 
equivalent to two groups from ATP in 30 min. at 
pH 7-0 (Fig. 3). It then slowly attacked the third 
group and effected some hydrolysis. As described 
above, muscle adenylic acid was itself hydrolysed 
slowly by the extract. 

The precipitate removed the equivalent of two P 
groups at pH 8-6. 

Jon effects 

Table 2 shows the effect of activators and in- 
hibitors on the whole extract, supernatant fluid and | 
precipitated proteins. The most striking effect of 
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calcium and magnesium was on the precipitated 
proteins at pH 7 where marked activation occurred. 
With the whole extract calcium slightly inhibited, 
whereas magnesium slightly activated. This be- 
haviour resembles, somewhat, that of the non- 
myosin ATP-ase described by Kielley & Meyerhof 
(1948a). 


60 


50 


P(g.) 
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20 
- 


10 
25° 


6 2 6 7 8 9 10 


pH 


Fig. 5. Effect of pH on the hydrolysis of ATP in 15 min. 
at 25° or 37°; 0-3 ml. whole extract in a final volume 
of 0-9 ml. containing 0-0l1m-glycine and 45yg. ATP. 
7 min. P. 


60 


Borate buffer 


Acetate 
buffer 





pH 
Fig. 6. Effect of pH on the hydrolysis of ATP in 15 min. at 
25° or 37°; 0-3 ml. whole extract in a final volume of 
0-9 ml. containing 0-01 m buffer and 45 ug. ATP. 7 min. P. 
The breaks in the curves denote the points where borate 
replaced acetate. 


Activators and inhibitors 


The ATP-ase of aqueous extracts of muscle does 

| hot appear to be greatly dependent upon its sul- 
phydryl (SH) groups for activity. Merthiolate 
(except for its action on the precipitate) and sodium 
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iodoacetate did not inhibit very markedly, while 
peroxide caused a slight inhibition, removable by 
cysteine (Ziff, 1944). Cysteine alone had only aslight 
activating effect. Cyanide inhibited to some extent, 
but glutathione activated, especially the whole 
extract and the precipitate. Fluoride inhibited the 
whole extract and precipitate. 


Table 2. Effect of activators and inhibitors 


(Enzyme (0-3 ml.) in a final vol. of 1 ml.; mixture contained 
0-01 m-glycine or borate buffer, 0-01 activator or inhibitor 
and 45ug. ATP. 7min. P. Incubated 15 min. at 37°. 
Figures are percentage of control.) 


P liberated as % of control 
A 





ct ~ 
Whole Super- Precipitate 
extract natant -————— 
pH ia 7-2 9-0 7-4 8-5 
Ca 71 42 340 145 
Mg 112 60 310 168 
KCl 98 104 93 75 
KCN 95 99 94 —- 
Cysteine 109 103 106 — 
Glutathione 116 108 119 — 
Iodoacetate 99 78 98 -- 
Merthiolate 81 101 35 22 
H,0, 92 — — 
Fluoride 88 109 89 — 


In an attempt to increase the efficacy of the SH 
inhibitors, experiments were carried out where the 
enzyme, buffer and inhibitor were pre-incubated 
together for an hour at 37° in the absence of sub- 
strate. Controls incubated with water instead of in- 
hibitor showed that this procedure resulted in a loss 
in activity of all the fractions, but the subsequent 
degree of inhibition brought about by the SH re- 
agents when substrate was added, was not increased 
when compared with the results set out in Table 2 
For example, with the whole extract, merthiolate 
gave 90% x the control, iodoacetate 100% and 
peroxide 105% 


DISCUSSION 


Our object in this study was to consider if the ATP- 
ase in muscle extracts could be considered distinct 
from the ATP-ase of myosin and further, to en- 
deavour to repeat the results of Sakov (1941). 

It is unlikely that myosin ATP-ase is present in the 
aqueous extract and it could not account for the 
activity of the preparations. The salt concentration 
of the aqueous extract is 0-12M, at which strength 
myosin is to some extent soluble in potassium 
chloride but not in sodium chloride, magnesium 
chloride or calcium chloride (Szent-Gyérgyi, 1947). 
Activation of the precipitated proteins by calcium 
and magnesium (Table 2) resembles the specific 
activation of myosin ATP-ase which has often been 
described (Bailey, 1942; Singher & Meister, 1945; 
Mommaerts & Seraidarian, 1947), but this increase 
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in activity could be due to greater solubility specific- 
ally caused by the presence of these ions, potassium 
chloride being inactive in this regard (Table 2). 

The effects of the SH inhibitors are again most 
striking on the precipitated proteins. Iodoacetate 
was not effective in inhibiting any fraction ; the limi- 
tations of this compound as an SH inhibitor have 
been discussed by Singer & Barron (1944). The 
mercaptide-forming reagent, merthiolate, which is 
more effective than iodoacetate in combining with 
SH groups, inhibited the precipitated proteins 
greatly, but the whole extract only slightly. Neither 
the pH curve nor the progress curve on the precipi- 
tated proteins shows ‘typical’ myosin behaviour. 

Even if some myosin were present, this alone 
could not account for more than a small part of the 
activity in a Sakov extract. The activity of the 
aqueous extract is apparently due to an ATP-ase 
which may be responsible for the 10% of ATP-ase 
activity which is not extracted from whole muscle as 
myosin (Needham, 1942). Such a non-myosin ATP- 
ase is called for by the calculations of Mommaerts & 
Seraidarian (1947) and Braverman & Morgulis 
(1948). 

In attempting to repeat his results, we could not 
agree with Sakov (1941) as to the nature of this non- 
myosin ATP-ase. Not only did our ammonium 
sulphate fractionation differ, but, more importantly, 
we were unable to repeat his pH curve. Sakov 
presents two curves demonstrating the effect of pH 
on the ‘mineralization’ of ATP. In his Fig. 3, the 
dialysed muscle extract shows a peak at about 
pH 4-8 (about 17 pg. P mineralized), a minimum at 
pH 7-0 (3g. P) and a peak at pH 8-5 (8yg. P). 
However, in his Fig. 5, a single maximum is depicted 
at pH 6-2, giving 60-80 pg. P depending on whether 
48 or 2-3 hr. dialysis was used; in the legend it is 
stated that the ‘liquid together with the precipitated 
proteins was used’. It is not clear whether this latter 
curve was obtained with the fresh extract or the 
protein precipitate obtained at 250 mg./ml. ammo- 
nium sulphate; there is no mention that the latter 
precipitate, when dissolved in water, was dialysed, 
or, if so whether a further precipitate appeared. In 
the ‘Conclusions’, Sakov simply states that there is 
present in the aqueous extracts a non-myosin ATP- 
ase with an optimum pH of about 6-0, but in his 
Table 5, this enzyme is referred to as the ‘protein 
fraction from the aqueous extract’. 

However, with quantities of reactants that fell 
within the range used by Sakov, and also with other 
concentrations, we could never detect an optimum 
at a pH of about 4-8 or 6, with either the whole 
extract or the ammonium sulphate fractions. On a 
few occasions there was a minor peak at about pH 6; 
but always the main optimum fell in the alkaline 
range. In this connexion, experiments on intact 
rigor muscle (Bate-Smith & Bendall, 1949) do not 
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support the contention that there is present an 
ATP-ase with an optimum at pH 6. 

Our preparations appeared to remove all the 
labile P of ATP quickly, and then to attack slowly 
the third phosphate group; however, the work of 
Banga & Josepovits (1948) calls for caution in 
making such an interpretation of progress curves. 
Adenylic acid was also hydrolysed slowly, but this 
action on the third phosphate group may well be due 
to another enzyme present in the crude extract. 
Sakov (1941) considers the extent of hydrolysis one 
of the distinguishing features between this ATP-ase 
and myosin ATP-ase; yet his progress curve pro- 
vides inadequate information, ceasing at 30 min., 
before even all the labile phosphate has been re- 
moved. On the other hand, Kalckar (1944) states 
that neither myosin ATP-ase nor water-soluble ATP- 
ase can attack ADP unless myokinase is present. 

If myokinase, a water-soluble enzyme (Colowick } 
& Kalckar, 1943), is present in the extract under in- 
vestigation in this paper, it is of interest to consider 
if the characteristics of the ATP-ase activity could 
correspond to that which one would expect of 
(i) myokinase+myosin, or (ii) myokinase + the 
magnesium-activated ATP-ase recently described / 
by Kielley & Meyerhof (1948a). j 

(i) Although it has been assumed that the low 
activity of the supernatant fluid, from which the 
proteins precipitated by dialysis had been removed, 
was due to interference with the system’s stability, 
much of the behaviour of the whole and divided | 
extract might have been explained by supposing | 
that the vigorous hydrolysis of ATP in the whole 
extract was effected by myokinase (soluble) and | 
myosin (precipitated). However, such a conjecture 
is excluded by the facts that (a) merthiolate hardly 
affects the whole extract, and (b) peroxide does not 
inhibit the whole extract, whereas Ziff (1944) and 
Mehl (1944) report its inhibition of myosin. This 
apparent non-SH character of the extract ATP-ase 
would prove an exception to the statement of Bailey 
(1947) that ‘ATP, wherever it acts as substrate, does 
so with enzymes either of proven or suggested SH | 
character...and may be deemed to have an affinity 
for some type of SH grouping to be found in pro- 
teins....’ 

(ii) The ATP-ase of Kielley & Meyerhof (1948) 
also offers some points of comparison with the ATP- | 
ases under consideration here. The Kielley & 
Meyerhof (19486) enzyme, though stated to be } 
extractable by water, was isolated by means of a 
0-5M-potassium chloride salt mixture, and purified 
by ammonium sulphate fractionation, being pre- 
cipitated at a concentration of 270 mg./ml. This con- 
centration is close to that employed by Sakov (1941), } 
but nearly double that employed in this paper. It is 
not possible to compare the extent of hydrolysis in } 
our crude extract with that by the purified enzyme of 
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Kielley & Meyerhof. However, the pH optimum of 
the two enzymes lies in a similar range; and the 
magnesium activation and calcium inhibition re- 
ported in this paper, with regard to the whole ex- 
tract, were observed by Kielley & Meyerhof in a 
greater degree. On the other hand, the instability 
and the apparent SH character of this latter enzyme 
are in direct contrast with the present findings. 

If, then, muscle contains, apart from its specialized 
myosin ATP-ase, another enzyme breaking down 
ATP, can this latter be compared with ATP-ases 
performing a general function in other tissues? The 
assays performed by Dubois & Potter (1943) re- 
vealed ATP-ases in various muscular, glandular and 
nervous tissues, but these enzymes (studied in 
tissues homogenized in ice-cold water) showed 
optimum pH at about 9-2 with calcium exerting an 
activating effect. On the other hand, Barrenscheen 
& Lang (1932) investigated an aqueous extract of 
liver containing an ATP-ase with optima at pH 8-2 
and 9; magnesium inhibited this extract. However, 
other workers have reported ATP-ases with optima 
in the region reported in this present paper. Lohmann 
(1928), using muscle extracts prepared with 0-9% 
(w/v) potassium chloride (which would certainly 
extract some myosin), obtained a pH curve sym- 
metrical about pH 7-0. The ATP-ase from nervous 
tissue which Reis (1937) describes has, unlike that 
of Dubois & Potter (1943), an optimum pH at 7-7-5. 
Meyerhof & Wilson (1947) associate the ‘apyrase’ 
activity of brain with the solid tissue of homo- 
genates, finding it to be destroyed by treatment with 
distilled water. Littie is known of plant apyrases, 
but the ATP-ase in potato (Kalckar, 1944) has its 
pH optimum in the neutral and slightly acid range. 
ATP-ases are reported from various other sources, 
such as spermatozoa (Lardy et al. 1945) and the sea- 
urchin egg (Connors & Scheer, 1947). Among the in- 
vertebrates, oyster (Sacostrea commercialis) muscle 
has been investigated with regard to its content of 
myosin and other ATP-ases (Humphrey, 1950). This 
tissue, while possessing myosin ATP-ase of very low 
activity contains in addition a water-soluble enzyme 
capable of splitting two phosphate groups from 
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ATP; the myosin, unlike the latter enzyme, is of 
marked SH character. However, data are not 
available for most tissues to make possible a com- 
parison between these enzymes and myosin on the 
basis of pH optimum, calcium-magnesium effects, 
and SH inhibitions. 


SUMMARY 


1. The adenosinetriphosphatase (ATP-ase) and 
other phosphatases in aqueous extracts of rabbit 
muscle, prepared according to the method of Sakov 
(1941) were studied. An inorganic pyrophosphatase 
was also detected. 

2. The ATP-ase activity was divided between the 
proteins precipitated by dialysis and the supernatant 
fluid, but was not wholly recoverable in the separated 
fractions. 

3. In contrast to Sakov’s findings, nearly all the 
ATP-ase was precipitated at a concentration of 
150 mg./ml. ammonium sulphate. This treatment 
destroyed the pyrophosphatase. 

4. pH curves in glycine and acetate-borate 
buffers at 25° and 37° gave optima in the range 
pH 6-8—7-4 for the whole extract. In no instance 
were optima detected at Sakov’s values of pH 4-8 
and 6-0. Optima for the precipitated proteins, 
supernatant fluid, and 150 mg./ml. ammonium 
sulphate fraction were: 7-5—8-0, 9-4 and 8-0. 

5. Two-thirds of the total phosphorus of adeno- 
sinetriphosphate was quickly hydrolysed, after 
which the remainder, presumably the third, non- 
labile phosphate group, was slowly removed. 
Muscle adenylic acid was itself slowly hydrolysed. 

6. Calcium and magnesium induced a striking 
activation of the precipitated proteins. 

7. Merthiolate, a mercaptide-forming reagent, 
inhibited the precipitated proteins strongly, but not 
the supernatant fluid. Glutathione and cysteine 
slightly activated the whole extract. 


Our thanks are due to Dr E. C. Bate-Smith and Mr J. R. 
Bendall of the Department of Scientific and Industrial 
Research, Low Temperature Research Station, Cambridge, 
with whom this problem was first discussed, for their advice 
and assistance in the preparation of the manuscript. 
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The Carotenoids of the Gonads of the Limpets 
Patella vulgata and Patella depressa 


By T. W. GOODWIN anp M. M. TAHA 
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The ripe gonads of the gastropods Patella vulgata and 
P. depressa are bright pink in the male and olive- 
green to chocolate-brown in the female. A prelimi- 
nary examination by Lonnberg & Hellstrém (1931) 
indicated the presence of carotenoids. 

The present paper is concerned chiefly with the 
identification of the constituent carotenoids. It has 
been shown, however, that the ovaries contain, in 
addition, an unidentified pigment which is not a 
carotenoid. 

EXPERIMENTAL 


Extraction of m aerial. The bodies of the limpets were cut 
away from the shells, and the gonads carefully removed and 
ground to a fine powder with acid-washed silver sand and 
anhydrous Na,SO,. The resulting powder was then ex- 
tracted with successive portions of peroxide-free ether 
(obtained by distillation of commercial ether over reduced 
iron) until the final extract was colourless. The extracts 
were combined, the solvent removed in vacuo at room 
temperature and the residue saponified under N, at room 
temperature for 24 hr. with 20% (v/v) ethanolic KOH. The 
unsaponifiable material was extracted with ether using a 
conventional method (Goodwin & Morton, 1946). The ether 
was removed in vacuo and the residue dissolved in a small 
volume of methanol and cooled in solid CO, ; considerable 
amounts of precipitated steroids were filtered off using a 
Biichner funnel packed with solid CO,. The methanol was 
removed in vacuo at about 30° and the residue, dissolved in 
light petroleum (b.p. 40-60°), subjected to chromatographic 
analysis. About 2000 limpets were analysed in this way 
during the autumns of 1948 and 1949. Male and female 
gonads were examined separately, but apart from the 
presence of pigment Y (see below, p. 246) in the ovaries, the 
results were identical. 

Chromatography was carried out using alumina (Spence, 
Grade O) deactivated by suspending it in methanol for about 
30 min. After filtering off the methanol the alumina was 
allowed to dry at room temperature by spreading it out on 


large pieces of filter paper. If the alumina thus obtained was 
too weak for the purpose in hand it was reactivated by 
heating at 30-60° for 3-4 hr. 

Using deactivated alumina and developing the column 
with light petroleum (b.p. 40-60°) containing 1-2 % (v/v) of 
ether, four main zones separated in the following order of 
increasing adsorptive power: (I) yellowish-orange band, 
(II) broad red band adsorbed very close to (III), a narrow 
zone, and (IV) a yellow-orange zone. 

A very small fraction which rapidly washed through the 
column was generally encountered; this behaviour, together 
with the absorption spectrum of the fraction, suggested the 
presence of «-carotene, but sufficient was never obtained to 
make identification certain. 

Pigment I. ‘vnis pigment, which was epiphasic to 90% 
aqueous methanol, was purified by repeated chromato- 
graphy, using 1% (v/v) of ether in light petroleum (b.p. 
40-60°) as eluant, to separate the pigment from traces of 
other pigments. The chromatographically homogeneous 
material was dissolved in methanol and the greater part of 
the colourless impurities removed by cooling in solid CO, 
and filtering while cold. After this final purification the 
absorption spectrum of the pigment was determined in light 
petroleum (b.p. 40—-60°), CS, and pyridine; in each solvent 
the curve was identical with that of an authentic sample of 
crystalline B-carotene. On chromatographing a mixture of 
pigment I and f-carotene no separation was achieved, thus 
confirming the identification. 

Pigment II, This pigment was purified by adsorption 
followed by elution with 2-3% (v/v) ether in light petro- 
leum. The adsorption curve showed only one peak in the 
visible region indicating a keto-carotenoid (Heilbron & 
Lythgoe, 1936). The data available indicated that pigment 
II was most likely to be either echininone (Lederer, 1935) or 
aphanin (Tischer, 1938, 1939), the former isolated from the 
gonads of Paracentrotus lividus L. and the latter from the 
fresh-water blue-green alga, Aphanizomenon flos-aquae. 
Tischer’s (1939) suggested formula for aphanin is the same 
as that of Lederer (1935) for echininone; this will be dis- 
cussed later. It was not possible to obtain A. flos-aquae in 
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order to compare our pigment with aphanin nor to obtain a 
specimen of echininone from Paracentrotus lividus. A pig- 
ment was, however, isolated from Hchinus esculentus L. 
gonads which had properties identical with those of 
Lederer’s (1935) echininone; as echininone is widely distri- 
buted in sea-urchin gonads (see Goodwin, 1950) this pigment 
was accepted as being echininone. The absorption spectra of 
both pigment II and echininone in a number of solvents 
were identical and a mixture of the two could not be 
separated chromatographically; it was therefore concluded 
that pigment II is echininone. The visible absorption 
spectrum of echininone has not previously been recorded in 
full; therefore the curves obtained in various solvents are 
reproduced in Fig. 1. 
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Fig. 1. The absorption spectrum of echininone in various 
solvents. , light petroleum (b.p. 40-60°); —e—, 
chloroform; - - - - - , carbon disulphide. 
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Fig. 2. The absorption spectrum of echininone oxime in 
various solvents. , light petroleum (b.p. 40-60°); 
—e—, chloroform; - - - - - , carbon disulphide. 





In order further to confirm the identity of pigment IT and 
echininone the oximes were prepared in the following way: 
hydroxylamine hydrochloride (0-5 g.) in 25 ml. of ethanol 
was added to a pyridine solution of the pigment (100 mg.) 
and KOH added until the HCl was neutralized. The 
mixture was heated under reflux on a sand bath for 9 hr. in 
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the absence of light. After dilution with water the products 
were extracted with light petroleum (b.p. 40—60°) and the 
resulting solution, after drying over anhydrous Na,SO,, was 
chromatographed on deactivated alumina to separate the 
oxime from any unchanged pigment; the purified product 
was then examined spectroscopically. The oximes from both 
pigments were spectroscopically identical and chromato- 
graphically inseparable. Echininone oxime exhibits in 
various solvents the spectra recorded in Fig. 2. 

Reduction of echininone. The keto group of echininone was 
reduced with aluminium isopropoxide. A solution (25 ml.) 
of the pigment (80 mg.) in benzene was refluxed on a sand 
bath for 10 hr. in the dark with freshly prepared aluminium 
isopropoxide (0-5 g.) in isopropanol (10 ml.). After standing 
overnight under N, the excess aluminium isopropoxide was 
precipitated by addition of 10% (w/v) KOH (100 ml.), and 
the pigment mixture extracted with freshly redistilled ethyl 
ether; considerable destruction of pigment occurred during 
the reaction. The solvent was removed at room temperature 
in vacuo, and the very small residue dissolved in light 
petroleum (b.p. 40-60°) and chromatographed on de- 
activated alumina. Four zones were obtained (in decreasing 
order of adsorption): (i) dirty yellow, (ii) orange-yellow, 
(iii) violet, and (iv) orange-red. The major zone (ii) was 
separated from the rest and purified by repeated chromato- 
graphy, and its spectrum measured in a number of solvents. 
The spectrum, which now showed three peaks, together 
with the chromatographic and partition behaviour of the 
pigment strongly suggested that it was a monohydroxy 
derivative of B-carotene, e.g. cryptoxanthin; insufficient 
material was, however, available to compare directly with 
cryptoxanthin. 

Pigment III. The chromatographic purification of this 
pigment was carried out in the appropriate manner; it was 
extremely difficult to separate from echininone, but separa- 
tion could be achieved by eluting with light petroleum 
containing between 5 and 10% (v/v) of ether according to 
the degree of activation of the column. The chromatographic 
behaviour, absorption spectrum and the fact that it was 
hypophasic to 95% (v/v) methanol but epiphasic to 90% 
methanol ail suggested that pigment III is cryptoxanthin. 
A chromatographically pure sample of cryptoxanthin was 
therefore obtained from crushed maize and it was found that 
pigment III and cryptoxanthin had identical spectra and 
could not be separated in a mixed chromatogram. 

Pigment IV, which was very strongly adsorbed on 
alumina as a darkish yellow zone, was hypophasic to 90% 
methanol and exhibited an absorption spectrum similar to 
that recorded for zeaxanthin but not unequivocally 
different from some of the reported curves for lutein. 
Accordingly, authentic samples of lutein and zeaxanthin 
were prepared from nettles and maize respectively. Pig- 
ment IV was chromatographically easily separable from 
lutein, but could not be separated when mixed with 
zeaxanthin; further, the colour of lutein adsorbed on 
alumina was lemon-yellow, whilst that of pigment IV and 
zeaxanthin were identical and much darker. The identity of 
pigment IV with zeaxanthin was considered settled when its 
absorption spectrum was compared with that of the freshly 
prepared zeaxanthin; the two curves coincided almost 
exactly over the whole visible range of wavelengths. 

Experiments on the pigment-protein complexes in limpet 
gonads. If the male gonads are made into a paste with 
kaolin and shaken with light petroleum all the carotenoids 
present in the tissues are easily extracted. This suggested 
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that the carotenoids were not present as protein complexes, 
and this was confirmed by the following experiment. The 
gonads were ground up with saline and the mixture cen- 
trifuged; the insoluble greyish protein collected at the 
bottom, the saline assumed a slight turbidity, but was not 
coloured, and the lipids, bright yellow, floated at the top. 
All the carotenoids were present in this lipid layer for none 
could be extracted from the saline extract or from the pre- 
cipitate after denaturation of the protein with ethanol. If 
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Fig. 3. The visible absorption spectrum of pigment Y (the 
prosthetic group of the green chromoprotein). , in 
ethanol; - --- - , in pyridine. 





the green female gonads were treated similarly a major 
portion, but not all of the carotenoids were extractable from 
the kaolin-ovary paste with light petroleum and after this 
_xtraction the paste was still green. Further extractions 
with a mixture of ether and light petroleum (1:1) extracted 
the remainder of the carotenoids. As this fractionation 
could be repeated on all samples of ovaries investigated, it 
was concluded that the more difficultly extractable caro- 
tenoids were probably originally attached to a protein. 
Qualitatively the carotenoids in both fractions are identical. 

Even after the removal of this final carotenoid fraction 
the gonad paste was still green; addition of acetone or 
ethanol completely decolorized it, and a pigment which did 
not appear to be a carotenoid was extracted. This pigment 
(pigment Y), which is a hydrocarbon, exhibits a visible 
spectrum containing a single sharp band with ,,,, at 
418 and 398 mu. in pyridine and ethanol respectively. 

A saline extract of the female gonads is green and after 
clarifying by shaking with kaolin, exhibited an absorption 
spectrum quite similar to that of ovoverdin (Fig. 4) (Stern & 
Salomon, 1938; Goodwin & Srisukh, 1949) in having a 
maximum at 635 mu., an inflexion at 520 my. and a large 
band at 390 my. As just noted, however, the prosthetic 
group of this pigment is not astaxanthin, but the, as yet 
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unidentified, pigment Y. In spite of the important contri- 
bution it makes to the colour of female gonads it is present in 
comparatively small amounts. In a chromatogram of an 
ether extract of Na,SO,-dried ovaries it is very strongly 
adsorbed at the top of an alumina column as a small 
brownish band, which in early work was generally discarded 
as being the zone containing indeterminate oxidation pro- 
ducts of carotenoids which is almost always encountered in 
this type of work. 

Pigments from Patella depressa. These pigments were not 
given such a searching investigation as those from P. 
vulgata because of lack of material, but it became quite 
clear that the pigments of this species are the same as those 
found in P. vulgata. 
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Fig. 4. The absorption spectrum of the green chromo- 
protein extracted from limpet gonads (solvent, saline). 


DISCUSSION 


Of the four pigments identified in this study three 
are well known plant carotenoids and have structures 
which are generally accepted. It should be pointed 
out, however, that proof concerning the positions of 
the hydroxyl groups in cryptoxanthin and zeaxan- 
thin is by no means rigid. The fourth pigment, 
echininone, is taken by Lederer (1935) to be 3-keto- 
B-carotene; we consider that 4-keto-f-carotene is 
more likely for the following reasons: B-ionone is 
fixed as one terminal residue because the pigment 
is a provitamin A (Lederer & Moore, 1936) and as 
Anax, for echininone is at 460 my. in light petroleum, 
whilst that for B-carotene is at 450 my. it is ex- 
tremely probable that the keto group is in conjuga- 
tion with the rest of the double bonds of the mole- 
cule, because in the cases of astaxanthin {Goodwin 
& Srisukh, 1949) and rhodoxanthin (Kuhn & 
Brockmann, 1933) which contain two conjugated 
keto groups, the maxima are displaced 18 and 12 my. 
respectively, in the direction of higher wavelengths 
compared with those of the parent pigments, - 
carotene and dehydro-f-carotene (Karrer, Schopp 
& Morf, 1932). Our argument is based on data ob- 
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tained using light petroleum (b.p. 40—60°) as solvent ; 
it applies equally well if results in other solvents are 
considered. The introduction of non-conjugated 
keto groups has little or no effect on the visible 
spectrum of a carotenoid [compare astacin with 
astaxanthin (Goodwin & Srisukh, 1949)]. Thus, 
spectroscopic evidence indicates that echininone is 
more likely to be 4-keto-8-carotene than 3-keto-B- 
carotene in which the keto group is isolated from 
the main conjugated polyene chain. This view is 
strengthened when oxime formation is considered. 
Oximation of a conjugated keto group of a caro- 
tenoid shifts A,,,,. to lower wavelengths (Kuhn & 
Brockmann, 1933; Heilbron & Lythgoe, 1936); we 
have found that d,,,,, of echininone oxime is 8 mu. 
lower than that of the parent compound. 

It has already been pointed out that the structures 
independently assigned to echininone and aphanin 
are identical; moreover, Lederer (1935) claims that 
echininone and myxoxanthin are also identical; this 
is considered improbable by Heilbron (quoted by 
Karrer & Jucker, 1948). It is important to consider 


LIMPET PIGMENTS 


247 


these claims in the light of new data and to clarify 
the following discussion all the known properties of 
these substances are assembled in Table 1. 

Considering first echininone and aphanin, their 
properties with one exception are identical, and 
as this discrepancy suggests an inconsistency in 
Tischer’s (1938, 1939) work, there seems little doubt 
that the two pigments are the same compound. 
Regarding the discrepancy, Tischer states that the 
maxima for aphanin and its oxime are the same, 
namely 460 my. These results cannot be reconciled 
with the suggested structure, 3-keto-8-carotene, for 
from the previous discussion it will be realized that 
if aphanin is 3-keto-8-carotene, its spectrum will not 
be altered on oximation, but as the keto group is not 
conjugated, the original A,,,, should not be very 
different from that of B-carotene (450 my.); simi- 
larly, if the keto group is conjugated to give a band 
at 460 muz., the typical oximation shift should be 
encountered. 

The spectroscopic data in three solvents for echi- 
ninone and myxoxanthin are identical, but a slight 


Table 1. Comparison of the properties of aphanin, echininone and myxoxanthin 


(The data marked with an asterisk (*) are those obtained during the present study, otherwise those for aphanin are from 
Tischer (1938, 1939), those for echininone from Lederer (1935), and those for myxoxanthin from Heilbron & Lythgoe (1936).) 


Aphanin 

Empirical formula CyoH;4O 
Melting point (°) 176-180 
Absorption maxima (muy.) in: 

Cs, (533-5)t 494 

CHCl, (504) 474 

Ethanol = 

Light petroleum (40-60°) — 

Petroleum (70-80°) (494) 460 

Benzene (505) 472 

Methanol (491-5) 457 

Pyridine (507-5) 477 
Colour reactions: 

Cone. H,SO, in CHCl, Deep blue 


HNO, in ether No blue 
Partition test 
Vitamin A activity 
Optical activity Nil 
Oxime 

Melting point (°) 

Absorption maxima (my.) in: 


208 


cs, (530) 492 
CHCl, (504) 472 
C,H, (505) 472 
Petroleum (70-80°) (494) 459 
Pyridine (509) 471 
Methanol (491) 457 


Reduced pigment 
Melting point (°) _ 
Absorption maxima (muy.) in: 
CS, -- 
CHCl, Absorption spectrum of 
cryptoxanthin 
Light petroleum = 


+ Lederer reported two melting points for echininone. 


Epiphasic with 90% methanol 
+ 


Echininone Myxoxanthin 
CyoH ss +20 CyoH;,0 
178-179 and 192f 168-169 
488; 494* 488 
474-476* 473 

_ 470 
458-460* 465 
458-460* _— 
472-474* _ 
478-480* _ 
Deep blue* Deep blue 
No blue* Green-blue 
Epiphasic — 

- ~ 

— 195-196 
484* _ 
464* 463 
466-468* _— 
450-452* a 
466-468* — 

— 169-172 


529, 494, 464 
-— 508, 474, 441 


475, 450, 424* 495, 465, 431 


{ Tischer found in his preparations of aphanin slight inflexions on the long-wave side of the main peak. 
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difference is recorded in a fourth (light petroleum) ; 
similarly, their oximes give identical spectra. The 
pigments also give identical colour tests and close but 
not identical melting points; thus, on these grounds, 
one has some justification for assuming that these 
pigments are identical. The main objections to this 
assumption are that myxoxanthin contains twelve 
double bonds and that myxoxanthol, prepared by 
reduction of myxoxanthin, has a very different 
spectrum from the reduced product of echininone. 

On the basis of their findings Heilbron & Lythgoe 
(1936) and Karrer & Rutschmann (1944) have sug- 
gested the following structure I for myxoxanthin. 





Me 


I 


This structure is open to objection on spectrographic 
grounds for two reasons: (a) the opening of a p- 
ionone ring increases the wavelength of the absorp- 
tion maximum of a compound (cf. B-carotene and 
y-carotene with maxima at 450 and 462my. re- 
spectively) so that this effect, enhanced by the 
presence of a further conjugated double bond should 
produce a spectrum with ,,,, much higher than 
that of echininone, a prediction which is not sus- 
tained ; (b) the data for the reduced product and the 
oxime are irreconcilable with structure I. Oximation 
of I should lead to a drop in A,,,, ; this is observed; 
equally, reduction of the keto group in I should lead 
to a drop, probably greater than that noted on 
oximation; this is not observed. 

It might be suggested that in order to acecommo- 
date twelve double bonds in the molecule, myxo- 
xanthin could be 4’-keto-y-carotene (II) in which the 
twelfth double bond is out of conjugation. This will 
still not fit in with the spectroscopic evidence. As 
Amax. for y-carotene is 475 my. in chloroform, that 
for the conjugated keto derivative should be higher, 
whereas that for myxoxanthin is lower (473 myz.). 
Similar considerations rule out the possibility that 
echininone has structure IT. 

Obviously there are good reasons for regarding 
myxoxanthin, echininone and aphanin as identical, 
but although the nature of the problem indicates that 
it will be difficult to make the identity certain, it will 
be equally difficult to disprove. 


Me Me 


Me 
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4’-Keto-y-carotene II 
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The compound formed by reduction of the keto 
group of echininone was very similar to crypto- 
xanthin, but because of lack of material complete 
identity could not be established. If the pigment we 
obtained was in fact cryptoxanthin it would suggest 
that cryptoxanthin is possibly 4-hydroxy-f-carotene 
and not 3-hydroxy-f-carotene (Kuhn & Grund- 
mann, 1933). The only point we wish to emphasize 
here is that the structures of cryptoxanthin and most 
other xanthophylls are now too often accepted 
without question. The positions of the hydroxyl 
groups in these carotenoids are only fixed by analogy 
with lutein, 3:3’-dihydroxy-a-carotene. In this 
compound, however, it is only the position of one 
hydroxyl group (that in the «-ionone ring) which is 
rigidly fixed; the position of the other is again only 
fixed by analogy (see Karrer & Jucker, 1948). 

It is very interesting to record the appearance of 
a fat-soluble pigment, pigment Y, which accumu- 
lates only in the ovaries and which, although forming 
a chromoprotein very similar to the carotenoid 
proteins frequently observed in marine inverte- 
brates, does not appear to belong to this group of 
compounds. The specific accumulation of this 
chromoprotein in the female organs suggests that it 
may well be of importance in the reproductive 
processes of the limpet. 


SUMMARY 


1. The four carotenoid pigments of the gonads of 
the limpets, Patella vulgata and P. depressa have been 
identified as B-carotene, echininone, cryptoxanthin 
and zeaxanthin; traces of «-carotene are also 
occasionally encountered. 

2. There is no sexual differentiation of caro- 
tenoids in the gonads. 

3. The pink colour of the male gonads is due 
entirely to carotenoids unattached to protein; 
although a fraction of the ovarian carotenoids is 
attached to protein, these pigments play little part 
in the colour of these organs. 

4. The green or greenish brown colour of the 
ovaries is in great part due to an unidentified pig- 
ment, Y, attached to a protein. 

5. Arguments are advanced that echininone is 
4-keto-B-carotene and not 3-keto-8-carotene as 
previously suggested. 

6. The properties of echininone, aphanin and 
myxoxanthin point to the identity of these three 
pigments and certainly do not permit differentia- 
tion. 


We are grateful to Mr J. R. Bruce, Marine Biological 
Station, Isle of Man, who brought to our notice the coloured 
gonads of limpets, and who kindly provided most of our 
material; to Prof. J. H. Orton, F.R.S., for interesting dis- 
cussions concerning limpets; and to Prof. R. A. Morton, 
F.R.S., for his unfailing help and encouragement. 
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Carotenoid Distribution in the Gonads of the Limpets 
Patella vulgata and Patella depressa 


By T. W. GOODWIN 
Department of Biochemistry, The University of Liverpool 


(Received 9 March 1950) 


Goodwin & Taha (1950) have shown that the four 
carotenoids, B-carotene, echininone, cryptoxanthin 
and zeaxanthin, occur in the male and female gonads 
of both Patella vulgata and P. depressa. The present 
report is concerned with the quantitative aspects of 
the distributions of these carotenoids as they are 
affected by sex, species and environment. 


EXPERIMENTAL 


P. vulgata, from the same region of the shore and of 
approximately equal size, were collected from Port St 
Mary, Isle of Man. They were delivered alive to the author. 
Samples from other sources, namely Plymouth, Trevone 
(Cornwall), Cullercoats (Northumberland), and Aberdeen 
were also occasionally obtained. Samples of P. depressa 
were obtained only from Plymouth. 

The gonadal carotenoids were extracted and separated 
chromatographically by the previously described method 
(Goodwin & Taha, 1950). The various fractions were dis- 
solved in a known volume of light petroleum (b.p. 40—60°), 
and the amount of each pigment present was determined 
spectroscopically using a Beckman spectrophotometer (see 
Goodwin, 1949). When the pigments were not separated 
chromatographically the total pigment concentration was 
determined by measuring the extinction of the test solution 
at 450 my. and basing the subsequent calculation on the 
assumption that all the colour was due to f-carotene. This 
is an approximation leading only to a very small error 
(about 5% at most) which, in any case, is constant through- 
out the series. 


RESULTS AND DISCUSSION 
A considerable mass of data has been condensed and 
collected in Tables 1—4. 


Relative amounts of carotenoids in male and female 
gonads. The results recorded in Table 1 clearly indi- 
cate that no significant differences are observed 
between the relative distribution of the four com- 
ponent carotenoids in male and female gonads; 
especially interesting is the fact that no differences 
occur in this direction between the olive-green and 
the brown types of ovaries. Comment must be made 
on the very high standard deviation for the values of 
echininone and cryptoxanthin, especially in ovaries ; 
this is undoubtedly due to the technical difficulties 
in effecting a complete separation of these two pig- 
ments in ovary extracts owing to the presence of 
large amounts of steroids which interfere with the 
normal development of the chromatogram. 

The amount of pigments in male and female gonads. 
In Table 2 are collected the data obtained for the 
gonads of limpets of approximately the same age 
(size) collected from the same shore region at Port 
St Mary over a period of a month. Calculations 
according to the ‘t’ test indicate that the concentra- 
tion in the brown ovaries is significantly higher 
(P <0-01) than is the concentration in green ovaries, 
but that there is no difference in the amount of caro- 
tenoids present in the two coloured types of ovaries; 
brown ovaries are therefore significantly smaller 
than the green ovaries. It is also to be noted that the 
brown samples varied between themselves much 
more than did the green samples. 

When male and female gonads are compared it is 
found that their concentrations are not significantly 
different, but that the amount per limpet is greater 
in the male than in the female; this reflects the fact 


i 
B-Carotene 





No. of 
batches es 
Material examined (%) (S.D.) 
Patella vulgata 
Green ll 45-2 17-6 
Brown 4 44:3 — 
Pink 9 51-9 11-9 
Mean 47-5 
P. depressa 
Orange 1 43-4 — 
Table 2. 
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Amount of pigment expressed as percentage of total 
a 





Table 1. The distribution of the constituent carotenoids in the male and female gonads of limpets 





ore oe 
Echininone Cryptoxanthin Zeaxanthin 
a, SS 
(%)  (S-D.) (%) (8-D-) (%) —(8-D-) 
18-9 13-4 19-0 16-9 16-9 71 
19-8 —_ 23-7 —_ 22-2 —_ 
16-7 6-9 15-3 3-6 16-1 6-8 
18-2 18-5 15:8 
——~, 
24-9 — — 31-7 — — 


Total carotenoid distribution in male and female gonads of Patella vulgata 


collected from Port St Mary 


(All samples collected between 18 October and 20 November 1947. Results expressed as mean+S.D.) 


No. of 
batches 
Material examined 
Female gonads 
Brown 14 
Green 14 
Male gonads 24 


Total carotenoid Total carotenoid 


concentration content per limpet 
(ug-/8-) (ug-) 
92+51 69+43 
49+15 64425 
68+38 106 +37 


Table 3. Carotenoid content of gonads of Patella vulgata collected from different regions of the British Isles 


(All samples collected between 18 October and 18 November 1947.) 


Carotenoid Total carotenoid 
concentration content per limpet 
No. of (ug-/8-) (ug-) 
batches 
Material and source examined Brown Green Brown Green 
Female gonads 
Plymouth 6 37 29 51 37 
Trevone 3 12 ll ll 13 
Cullercoats 3 52 a 40 — 
Aberdeen 3 40 42 32 
Male gonads 
Plymouth 9 47 55 
Cullercoats 3 89 24 
Aberdeen 9 43 41 


Table 4. Total carotenoid concentration in gonads of 
Patella depressa 


(Material collected at Plymouth between 22 and 30 
October 1947.) 


Total Total 
carotenoid carotenoid 
concentration content 
No. of (ug./g. per limpet 
Material batches fresh wt.) (ug.) 
Ovaries (brown) 3 10 25 
Ovaries (green) 3 6-5 24 
Testes H 4-1 89 


that at the time specimens were taken the testes 
were larger than were the ovaries. A different situa- 
tion might arise at other seasons of the year. 
Carotenoid content of limpets collected from various 
regions in the British Isles. A number of samples 


from various regions became available during the 
autumn of 1947 and their examination led to the 
results recorded in Table 3. It will be noted that the 
results are of the same order as those obtained for 
limpets from Port St Mary. Little more than that 
can be said because, in general, these limpets were 
ad hoc collections from different localities of the same 
region and of different sizes, whilst those obtained 
from Port St Mary were always strictly comparable. 
It should be pointed out that differences in the 
ovaries, which are more marked than in the testes, are 
probably due to the different stage of spawning 
reached in the various regions. An extended investi- 
gation on the effect of spawning on the carotenoid 
content of both testes and gonads is in progress and, 
although at the moment incomplete, it is obvious 
that ovaries are more affected than are the testes. 
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Carotenoid content of Patella depressa. A few 
samples of P. depressa were obtained from Plymouth 
at the same times as were P. vulgata. It has already 
been shown that the carotenoid constituents are the 
same in P. depressa and P. vulgata (Goodwin & Taha, 
1950) and the present data (recorded in Table 4) 
indicate that the quantitative distribution of the 
pigment is also similar in the two species. This is 
specially marked in the case of the testes, the rather 
greater differences between the ovaries of the two 
species again being probably due to the different 
stages of spawning in the samples examined. One of 
the most interesting problems concerning limpet 
ovaries is the question of the production of brown 
and green ovaries. It has already been shown 
(Goodwin & Taha, 1950) that carotenoids play no 
major part in the production of green ovaries, a 
chromoprotein containing a non-carotenoid pros- 
thetic group being the most important factor. The 
increased concentration of carotenoids in brown 
ovaries is unlikely to cause the change from green to 
brown; more probably it depends on the observation 
that the isolated green chromoprotein turns brown 
on addition of a few drops of dilute acetic acid. The 
brown and green colours may well be due, therefore, 
to variations in pH of the ovaries. 
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SUMMARY 


1. The four carotenoids, B-carotene, echininone, 
cryptoxanthin and zeaxanthin, occur in the gonads 
of Patella vulgata in the ratios 5:2:2:2. 

2. There are no significant deviations from this 
distribution in either the brown or green ovaries or in 
the testes. 

3. A similar distribution of the same pigments is 
found in Patella depressa. 

4. Although brown and green ovaries contain the 
same amounts of carotenoids, the brown have a 
higher concentration, indicating that brown gonads 
are generally smaller than the green. 

5. The concentrations in the testes and ovaries 
are very similar, but the content of the testes 
is greater; this, again, merely reflects the weight 
relationship of ovaries and testes at the time of 
sampling. 

6. Limpets collected at the same time from 
different regions of the British Isles contain com- 
parable amounts of carotenoids. 


Thanks are due to Prof. J. H. Orton, F.R.S., for supplying 
the limpets. 
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The Reaction of Oxidizing Agents with Wool 
2. THE SORPTION OF HYDROGEN PEROXIDE 


By P. ALEXANDER, D. CARTER anp C. EARLAND 
Research Department, Wolsey Ltd., Leicester, England 


(Received 4 February 1950) 


Hydrogen peroxide was shown by Harris & Smith 
(1936a,b, 1937a,b) to oxidize the cystine in wool 
partly to cysteic acid and partly to cystine disulph- 
oxide. Rutherford & Harris (1938) found that the 
reaction was far from specific, and that many other 
groups besides the disulphide bond were oxidized, 
and some evidence for preferential attack on the free 
amino groups of the basic amino-acids was found. 
Eléd & Zahn (1940) showed that silk, which con- 
tains no cystine, dissolved completely in 3% (w/v) 
hydrogen peroxide (pH 4) after 3 days at 60°. Wool 
(Elid & Zahn, 1942) behaved likewise, and the 
solution obtained contained no high molecular 
weight fractions. Hydrogen peroxide is therefore 
undoubtedly capable of breaking peptide bonds, 
although in view of the stability of polyglycine to 


this reagent it seems probable that the attack is 
preceded by the oxidation of a reactive side group. 
The rate of reaction of wool with hydrogen peroxide 
is slow and at room temperature no oxidation can be 
detected, except in very alkaline solutions for several 
hours. All the reactions discussed were carried out at 
elevated temperatures. 

While studying bleaching it was found that there 
was a small but detectable decrease in the peroxide 
concentration immediately on immersing the wool in 
the solution, after which no further change could be 
detected for several hours. A similar effect was ob- 
served with nylon and silk but not with cotton. The 
peroxide, which very rapidly disappeared, was un- 
ambiguously shown to be physically held by the 
nitrogen-containing fibres and not to have reacted 
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chemically, since it was completely recovered by 
successive washings of the fibres with water. 

Hydrogen peroxide forms addition compounds 
with both organic and inorganic substances 
(Machu, 1937), the crystalline compound with urea, 
NH,CONH,.H,O,, being the best known of these 
because of its industrial use as a concentrated stable 
source of peroxide. X-ray diffraction analysis of this 
compound (Lu, Hughes & Giguére, 1941) has re- 
vealed that the molecules are held together by 
hydrogen bonds. 

All organic compounds capable of forming stable 
complexes with hydrogen peroxide contain either 
amino or imino groups (Krepelka & Buksa, 1937; 
Tanatar, 1901). The adducts with compounds con- 
taining carboxyl or hydroxyl groups, on the other 
hand, are very unstable in the few cases in which 
they are formed (Tanatar, 1901). Maass & Matheson 
(1929) found in a series of nitrogen bases that the 
amount of hydrogen peroxide combined increased 
with increasing basicity. It would appear that 
hydrogen bonding is not the only factor which plays 
a part in the formation of the peroxide complexes. 

No addition compounds between proteins and 
hydrogen peroxide have been recorded except for the 
special case of the enzyme catalase. 


EXPERIMENTAL 


Materials 


The H,0, solutions were prepared by diluting a 90% sample 
of very high purity (obtained from LaPorte Ltd.). H,SO, 
(0-01) was added to stabilize the solutions and the pH was 
adjusted by the addition of NaHCO, or sodium silicate. 
The fibres used were in the form of knitted fabric and 
were purified by Soxhlet extraction with ether, ethanol and 
water. The wool powder was prepared by cxidizing all the 
cystine with peracetic acid in a sample of wool which then 
became soluble in dilute NH,OH. This solution was filtered 
and the wool powder precipitated by the addition of 
0-1 n-HCl (Alexander & Earland, 1950). The acetylated wool 
was prepared by the I.G. Farben process (Alexander & 
Whewell, 1946) and from acid-adsorption measurements it 
was concluded that 77% of the amino groups were blocked. 


Measurement of sorption 


The amount of H,O, sorbed was determined by measuring 
the amount of oxidizing agent on the fabric and not from 
changes in concentration of the solution. This procedure 
gave more accurate results and also ensured that only true 
physical adsorption was measured. 

Accurately weighed samples of textile material of 
approx. 2g. dry weight were thoroughly wetted out in a 
solution of the same pH as the H,O,. The fabric was then 
passed through squeeze rollers, put into 100 ml. of the HO, 
solution at 20° and thoroughly stirred for 5 min. The material 
was withdrawn, again passed through squeeze rollers and 
the weight of solution retained determined by weighing. 
The fabric was washed five times with 20 ml. of water and 
the H,O, in the combined washings determined by titration 
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with acid KMnO,. More than 95 % of the peroxide was thus 
removed and that remaining in the material was measured 
by placing the fabric in 0-5N-H,SO, and titrating with 
KMn0O,, taking care not to allow the latter to come into 
direct contact with the fabric. The strength of the original 
H,0, solution was determined by titration after removal of 
the fabric. It was assumed that all the water carried over 
from the H,O, solution contained H,O, in the same concen- 
tration as in the latter, and the amount adsorbed was calcu- 
lated by subtracting the amount in the water carried over 
from the total amount of peroxide in the washings. The 
amount of peroxide adsorbed may be somewhat greater 
than the value obtained in this way, since some of the water 
carried over may be physically held by the fibres and thus 
not function as solvent water. The magnitude of this effect 
is the subject of controversy (Hailwood & Horrobin, 1946), 
but the error introduced by neglecting it cannot be serious 
in these experiments, 

With fast stirring the sorption was complete in less than 
1 min., and identical results were obtained after 1, 2, 5 and 
10 min. The sorption by wool powder was determined by 
shaking 1-5 g. of the latter with 10 ml. of peroxide solution 
and measuring the change in titre, a constant value being 
obtained after 30 sec. 


RESULTS 


From Table 1 it is seen that only nitrogen-containing 
fibres sorb hydrogen peroxide from aqueous solu- 
tion. The adsorption isotherms for wool and silk with 
hydrogen peroxide at different pH values are shown 
in Figs. 1-3. The maximum sorption could in no case 
be determined since the flat part of the isotherm was 
not reached in the range of hydrogen peroxide which 
it was possible to study. At concentrations greater 
than 40% (v/v) the results became erratic and 
completely unreliable because of instability of the 
peroxide. 


Table 1. Sorption of hydrogen peroxide from 
3% (w/v) aqueous solutions at pH 8 


Sorption 
Fibre (mg. H,O,/g. fibre) 

Wool 9-8 
Acetylated wool 5-5 
Nylon 55 
Silk 4:5 
Cotton 0 

Glass 0 


The amount of sorption by wool is seen from Fig. 1 
to be independent of the pH of the peroxide solution 
in the range pH 2-5-9, but to decrease at both lower 
and higher values. The sorption by both silk and 
nylon, on the other hand, is not decreased at low pH 
values and is the same at pH 6 as at pH 0 (see 
Table 2 and Fig. 2). 

The sorption of hydrogen peroxide by wool was 
unchanged when the peroxide solution contained 
normal potassium chloride, both at pH 6 and 9, and 
it is concluded that electrolytes have no effect. 
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The powder obtained by precipitation with acid 
from a solution of wool, all the disulphide bonds of 
which have been oxidized yielding pairs of sulphonic 
acid groups, sorbs the same amount of peroxide as 
untreated wool fibres (see Fig. 3). Two conclusions 


—_- YY Ww w 


Sorption of HO, (mg./g. wool) 





0 10 20 30 
H,O, in solution (% w/v) 


40 425 


Fig. 1. Sorption of H,O, by wool at different pH values: 
w- 9. pH 0; e—64, pH I; ©—®, pH 2:5; ©O—®O, 
pH6; '—, pH 8; G—é, pH 9; Q—Q, pH 10. 
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Fig. 2. Sorption of H,O, by silk at pH 6; 
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Fig. 3. Sorption of H,O, by precipitated wool at pH 4. 


can be drawn from this experiment. First, the 
hydrogen peroxide cannot be held by some purely 
physical capillary effect in the pores of the fibre. 
Secondly, the formation of sulphones or sulphoxides 
can play no part and the apparent sorption cannot 
arise from the reversible formation of such com- 
pounds. By analogy with the behaviour of organic 
nitrogen compounds it seems probable that the 
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hydrogen peroxide combines with the amino-acid 
and imino groups in wool and silk. A similar parallel- 
ism between simple compounds and fibres is shown 
by sugars and cotton, neither of which combines 
with hydrogen peroxide. 


Table 2. Sorption of hydrogen peroxide by nylon from 
6 % (u/v) aqueous solutions at different pH values 


Sorption 
pH (mg. H,0,/g. nylon) 
0 13-0 
1 11-3 
2 11-7 
3 11-2 
+ 11-9 
5 11-6 
6 11-5 


No accurate estimate of the maximum sorption of 
hydrogen peroxide can be made since the flat part of 
the isotherm cannot be reached experimentally, but 
inspection of the curve in Fig. 1 indicates a value of 
75-100 mg. of hydrogen peroxide per g. of wool (i.e. 
2-3 mol. of hydrogen peroxide per kg. of wool). In 
1kg. of wool there are approximately 0-9 mol. of free- 
amino groups from the basic amino-acids arginine 
and lysine and 9 mol. of peptide carbimino groups 
(Astbury, 1942). There are not sufficient amino 
groups, therefore, to combine with all the hydrogen 
peroxide and the carbimino groups must also play a 
part. Two observations indicate that the amino 
group, however, has the greater affinity for hydrogen 
peroxide; first, acetylation of wool during which an 
amino group is converted to a carbimino group 
leads to a greatly decreased sorption; secondly, silk 
which contains 12 mol. of carbimino groups but only 
0-1 mol. of amino groups per kg. sorbs less peroxide 
than wool. 

The decrease in sorption at low pH values ob- 
served in the case of wool might at first sight be ex- 
plained by the ionization of the carbimino group, 


—CO.NH—+H+=—CO.NH,*—, 


which has been shown to decrease its hydrogen- 
bonding capacity (Theis, 1946). A similar ionization 
would, however, also take place in silk and nylon but 
their sorption of hydrogen peroxide is not decreased 
at low pH values and this explanation is therefore 
unlikely to be correct. 

The sorption of peroxide by wool from a solution at 
pH 10 is markedly decreased (see Fig. 1), and this is 
probably due to the combination of wool with alkali 
which becomes appreciable only above pH 9. The 
amino group changes from NH; to NH, and the wool 
consequently becomes less electropositive. A similar 
effect was observed by Maass & Matheson (1929), 
who found that the sorption of peroxide by organic 
bases is increased with increasing basicity. 
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SUMMARY 


1. Wool, silk and nylon, but not cotton, sorb 
hydrogen peroxide from aqueous solution and the 
concentration range 0-45 % has been studied. The 
sorption has not reached its limit at 45%, but 
stronger solutions could not be studied. 

2. With wool the sorption is independent of 
the pH of the peroxide solution in the range 
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pH 2-5-9, but decreases at both lower and higher 
pH values. 

3. It is concluded that the hydrogen peroxide is 
held by both the amino and carbimino groups and 
that the sorption process resembles the formation of 
complexes with simple organic nitrogen-containing 
compounds such as urea. 

The authors wish to thank Mr R. H. Reed for experi- 
mental assistance and the directors of Messrs Wolsey Ltd. 
for permission to publish this paper. 


REFERENCES 


Alexander, P. & Earland, C. (1950). Teztile Res. J. 20, 
296. 

Alexander, P. & Whewell, C. S. (1946). B.I.0.S. Report 
1472, p. 91. London: H.M. Stationery Office. 

Astbury, W. T. (1942). J. chem. Soc. p. 337. 

Eléd, E. & Zahn, H. (1940). Kolloidzschr. 93, 50. 

Eléd, E. & Zahn, H. (1942). Melliand Tezxtilber. 23, 313. 

Hailwood, A. J. & Horrobin, 8. (1946). Trans. Faraday Soc. 
42 B, 84. 

Harris, M. & Smith, A. L. (1936a). Bur. Stand. J. Res., 
Wash., 16, 301. 

Harris, M. & Smith, A. L. (19360). Bur. Stand. J. Res., 
Wash., 17, 557. 

Harris, M. & Smith, A. L. (1937a). Bur. Stand. J. Res., 
Wash., 18, 623. 


Harris, M. & Smith, A. L. (19376). Bur. Stand. J. Res., 
Wash., 19, 81. 

Krepelka, J. H. & Buksa, R. (1937). Chem. Listy, 31, 
447. 

Lu, C.-S., Hughes, E. W. & Giguére, P. A. (1941). J. Amer. 
chem. Soc. 63, 1507. 

Maass, O. & Matheson, G. L. (1929). J. Amer. chem. Soc. 
51, 674. 

Machu, W. (1937). Wasserstoffperoxyd und die Perverbind- 
ungen. Vienna: Springer. 

Rutherford, H. A. & Harris, M. (1938). Bur. Stand. J. Res., 
Wash., 20, 559. 

Tanatar, S. (1901). Z. anorg. Chem. 28, 225. 

Theis, E. R. (1946). Trans. Faraday Soc. 42 B, 244. 


Acid-soluble Pigments of Molluscan Shells 


5. IDENTITY OF SOME SUBSIDIARY FRACTIONS DERIVED 
FROM PINCTADA VULGARIS 


By A. COMFORT 
Department of Physiology, London Hospital Medical College, London, E. 1 


(Received 28 March 1950) 


Reference was made in a previous paper (Comfort, 
1949) to the violet and blue subsidiary fractions 
which accompany uroporphyrin in the shell of the 
pearl oyster Pinctada vulgaris. A fuller examination 
of these substances, isolated by the methods already 
described, shows that they exhibit reactions charac- 
teristic of biladienes. 


EXPERIMENTAL 


The pigments were obtained as by-products of a large-scale 
extraction of uroporphyrin I from 5 kg. of broken shell, 
which yielded about 150 mg. of uroporphyrin, purified as its 
methyl ester. The blue and violet fractions (3 and 3a) from 
tale chromatograms were pooled, dried, rechromatographed 
on tale from n-hydrochloric acid, and the pigments eluted 
with acetone. 


The main subsidiary pigment (3) is violet in acid 
solution, and is separated with difficulty from a sky- 


blue fraction (3a). Both these fractions are green in 
alkaline solution, with a strong red fluorescence in 
ultraviolet light. The spectrophotometric curve of 
pigment 3 is given in Fig. 1. The alkaline spectrum is 
greatly intensified by the addition of methanolic 
zine acetate, but without displacement of the bands. 
Pigment 3 is converted to a red material (A,,x.= 
494 my.) by concentrated nitric acid. Reduction by 
zine dust in N-hydrochloric acid gives a yellow solu- 
tion with strong blue fluorescence. 

Pigment 3 cannot be extracted from aqueous 
solution at any pH by chloroform, and is very 
slightly extracted by ether at pH 7-5. Pigment 3a 
appears to be slightly more soluble in ether. Both 
pigments are soluble in acetone and in methanol. 

A portion of pigment 3 was dried in a desiccator 
and esterified with a saturated solution of hydrogen 
chloride in methanol for 2 hr. at room temperature. 
Chloroform (1 ml.) was added, followed by water to 
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separate the phases. The ester was extracted by the 
chloroform. Its greenish neutral solution showed a 
red fluorescence, similar to that of the alkaline, free 
pigment and reversibly quenched by acidification. 


Extinction (E) 





600 


500 
Wavelength (mpz.) 


Fig. 1. Spectral absorption of viclet pigment of Pinctada 
vulgaris (Beckman spectrophotometer). @—@ Pinctada 
‘3’ fraction (N-HCl); x—x Pinctada ‘3’ fraction 
methyl ester (neutral CHCI,). 


The spectral curve is given in Fig. 1. Both 3 and 3a 
pass slowly into amyl alcohol from solution in n- 
hydrochloric acid. 


DISCUSSION 


The behaviour and properties of the violet fraction 
conform closely to those of a biladiene. The red, 
porphyrin-like fluorescence is exhibited by the 
alkaline, free pigment, by its ester in neutral and 
alkaline solution, and by the zine complex. The acid 
absorption maximum of the free and esterified pig- 
ment at 560 my. corresponds with that of meso- 
biliviolin methyl ester shaken with 2N-hydrochloric 
acid in chloroform solution (A,,,,. = 560 my.; Siedel, 
1935), although the other bands described by Siedel 
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(diffuse, between 631 and 621-594, max. 607 my.) 
are not present. Both the zinc complex and the 
ester hydrochloride of mesobiliviolin exhibit red 
fluorescence (Siedel, 1935; Watson, 1933), the zine 
complex showing bands at 625 and 575 my. in 
methanol (Lemberg & Legge, 1950) compared with 
628, 595 mu. for our pigment 3. The behaviour of 
pigment 3a closely resembles that of 3, except that it 
is unstable in N-hydrochloric acid solution at room 
temperature. The amount of this pigment, even 
from 5 kg. of shell, was too small for further study. 

The red fluorescence of the combined violet and 
blue fraction on tale columns is variable, and fails to 
appear in the presence of strong acids, but can be 
strong enough near neutrality to be mistaken for an 
additional porphyrin band (Comfort, 1949). A small 
peak at 410 mu. in all spectrophotometric tracings 
derived from these fractions may indicate an ad- 
mixture of porphyrin, but this could not be sepa- 
rated on chromatographing again, and the fluor- 
escence of the total pigment in a sample of material 
not exceeding 5 mg. total weight has been shown to 
equal that of several mg. of free porphyrin. The red 
fluorescence is therefore undoubtedly proper to the 
non-porphyrin pigments themselves, and resembles 
that of aplysiopurpurin, another molluscan pigment 
which has been shown to contain a mixture of 
biladienes (Lederer & Huttrer, 1939). 


SUMMARY 


1. The violet pigment fractions extracted from 
5 kg. of Pinctada vulgaris shell consist of at least two 
components. 

2. The spectral and chemical properties of these 
fractions conform to those of the known biladienes of 
the biliviolin series. 


Acknowledgement is due to Prof. C. Rimington, of Uni- 
versity College Hospital Medical School, and to Dr E. R. 
Holiday, of the Medical Research Council Spectrographic 
Unit, London Hospital, for their kind co-operation in this 
study. 
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